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The SPEED NUT as- 
sembly system of 
spring tension fastening 
offers definite protection 
against the hazards of out- 
moded assembly methods. 


No. 1. Protects your product against loos- 
ening from vibration. 

No. 2 Protects you against the use of un- 
necessary parts. 


No. 3. Protects your product against use- 


less dead weight because size for size 
SPEED NUTS are 60% lighter. 
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No. 4. Protects your 

product with the only 

one piece fastening de- 

vice that assures a double 

spring tension lock—the 
SPEED NUT. 


No. 5. Protects you against financial losses 
on the assembly line by cutting average 
net assembly costs 50%. 


Check every assembly location on your 
product now and adopt SPEED NUTS or 
Speed Clips wherever possible. 
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@ Barrel engines have been E. S. 
HALL’S (M ’27) specialty since 1914, 
and his interest in engines goes back 
to 1907. Two engineering schools have 
granted him degrees, Yale and the Uni- 
versity of Colorado. In the Army during 
the other war, he repaired airplanes, 
engines, and Fords, and taught cadets 
and officers courses in aircraft engines, 
gaining the highest non-commissioned 
rank and rating within 11 months. At 
the Experimental Oil Shale Plant of 
the Bureau of Mines, Rifle, Colo., he 
advanced to the post of mechanical 
superintendent. Search for more knowl- 
edge of barrel engines led him to the 
Patent Office, and he later became a 
registered patent attorney. He worked 
in barrel-engine design and develop- 
ment independently for several years, 
and later was affiliated with Michell- 
Crankless Engines Corp. and the Uni- 
versal Power Engineering Co. In 1936, 
he organized The Round Engine Pat- 
ents to permit unhampered develop- 


ment of the best barrel engine under 
license. 


@ FRANK JARDINE (M °16), started 
his 28 years in the automotive industry 
with such pioneers as the Royal Tour- 
ist Motor Car Co., Baker Automobile 
Co., Herschell-Spillman, Marmon, and 
Locomobile. During the World War he 
was with the Rock Island Arsenal. 
Then, started his 22 years in the alum- 
inum branch of the automotive indus- 
try, first with the Aluminum Castings 
Co., then Aluminum Manufacturers, 
Inc., and now with Aluminum Co. of 
America. As chief engineer of the 
Aluminum Company’s castings depart- 
ment, he is in charge of all engineering 
connected with automobile and aircraft 
sand, permanent-mold, and die castings, 
and forgings. 
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ANY things move a man to buy a particular car or truck. 
The reputation of the builder, the style of the vehicle, its 


power, speed, safety, economy or price—any or all of these con- 
siderations help make the sale. 





Whether your personal interest is in building, in selling or in 
servicing automotive vehicles, certain mechanical specifications 
are extremely important to you. Among these are units such as 
Bendix builds—brakes, carburetors, gear-controls, power brakes, 
universal joints. The reason these specifications are important to 
you is because your business reputation is part of the chain that 
holds the car-buyer’s esteem to your product. 

The public knowledge that “What Bendix Builds Is Well Built” 
is a very sturdy link in your chain of confidence. We are trying, 
every hour of every working day, to keep it so. 


BENDIX 


PRODUCTS DIVISION 


BENDIX AVIATION CORPORATION 
South Bend, Indiana | 
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FUELS and 
Lubricants 
at TULSA 


by WILLIAM F. LOWE 


HREE vital ingredients of national de- 

fense — lubricants, aircraft, and diesel en- 
gines — were carefully mixed in the well- 
balanced program that brought more than 
200 executives and engineers to the Society's 
National Fuels & Lubricants Meeting at the 
Hotel Mayo, Tulsa, Okla., Nov. 7 and 8. 
While the topics themselves were primarily 
discussed with the view of attacking indus- 
try problems, many were found parallel to 
those facing the military branches of the 
Government. As was brought out by din- 
ner-speaker William B. Stout, president, 
Stout Engineering Laboratories, Inc., the 
present war “‘is not a struggle of man power, 
but rather one of technology, and the victor 
will be the nation that can develop the 
best engineers and equipment.” 

That the Society long has been alert to 
the part engineers play in national prepared- 
ness was clearly indicated by General Man- 
ager John A. C. Warner, who declared: “Pre- 
paring for peace, through proper defense, is 
something that the SAE has been doing for 
more than 20 years. Various departments 
of the Army and Navy,” he added, “have 
continuously sought our advice and counsel. 
On the land, on the sea, and in the air, the 
products of SAE technical committee work 
have been adopted and used to strengthen 
our arms of defense.” 


Automotive Preparedness 


Preparedness in these times, Mr. Warner 
emphasized, is automotive preparedness. He 
explained how the Society is redoubling 
its defense work in cooperation with the 
Army and the Navy, outlining the activities 
of the Society’s Ordnance Advisory Com- 
mittee, the SAE-Quartermaster. Corps Ad- 
visory Committee, and the SAE Aeronautical 
Standards Board for National Defense. 

Mr. Warner also spoke of the Society's 
cooperation in preparing a technical auto- 
motive check list to be used by the National 
Roster of Scientific and Specialized Personnel 
in a questionnaire to be mailed to SAE mem- 
bers to establish a central register of per- 
sons professionally competent in the field of 
automotive engineering, so that information 
as to the special skills and present activities 
of these individuals may be readily avail- 
able for consideration in connection with 
the national defense program. The Roster 
is being jointly administered by the Na- 
tional Resources Planning Board of the Ex- 
ecutive Office of the President and the United 
States Civil Service Commission. 

Mr. Stout stressed the value, both to 
aviation and to the national defense pro- 
gram, of the amateur pilot. He told of 
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OR three years the urgency of war has intensified in 

terest in the SAE’ National Aircraft Production 
Meeting sessions held in Los Angeles. Each year the 
crisis has grown greater and each year the engineers at 
tending the meeting have evidenced a deeper appreciation 
of the increasing responsibilities placed upon them.  Al- 
though far removed from scenes of strife in Europe, the 
position of Los Angeles as the world’s greatest aircratt 
production center has served to bring the needs of the 
moment home to all in attendance. 

Through the chaos about us has come realization that 
the final decision in modern war will rest with the side 
which can marshal the greatest production. So it is not 
to be wondered at that the 1940 National Aircraft Pro- 
duction Meeting was literally “stripped for action” as the 
engineers present got down to the grim work of winning 
the battle of production. One felt, at times, as though the 
echo of bombs bursting in London streets could be heard 
there in the Biltmore Hotel, in Los Angeles. 

This illusion was further heightened by Arthur Nutt’s 
“off-the-record” report of his recent experiences in Europe. 
Given at the Friday night session, this talk was easily the 
high point of the meeting. The evening started off with 
a bang when the audience was treated to a blackout staged 
by C. B. Whittelsey, Jr., during which a siren was sounded 
eerily and half a dozen shots from an ancient horse pistol 




















the rapid development and good performance 
of the small plane, and asserted that cities 
of the future will be designed to accommo- 
date these planes in much the same way 
that they are now designed for the auto- 
mobile. 

Taking a philosophical turn, Mr. Stout 
predicted that technical men would be Na- 
tional rulers of the future, supplanting the 
demagogic and unscientific politician. He 
concluded his address with the assertion 
that “the politician will go down the road 
to oblivion side-by-side with the horse, and 
as we watch them disappear down that road, 
it will be hard to distinguish between them.” 

Credit for the interest-crammed sessions 
goes to the Committee on Arrangements, 
headed by General Chairman B. E. Sibley 
and Local Chairman William F. Lowe, 
which functioned in close cooperation with 
the SAE National Fuels & Lubricants Ac- 
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tivity Committee, chairmanned by  Vic« 
President Neil MacCoull. Directing the ses- 
sions were Chairmen G. C. Richardson, Dr. 
Ulric B. Bray, Ralph R. Matthews, Frank A. 
Suess, C. S. Hansen, and Mr. Lowe. 
Speaking at the first technical session, 
L. T. Knocke, Chrysler Corp., expressed 
serious doubt that the diesel engine would 
ever supplant the gasoline engine in the 
average driver’s car, despite its known ad 
vantage in fuel economy. His paper, “On 
The Road With Dodge Diesel,” reviewed in 
detail exhaustive tests made by his company 
with automotive diesels. While fuel econ 
omies of 50% or better were noted for 
engines of equal displacement and _ horse 
power, he said, the savings in fuel are often 
offset by the increased cost of the diesel 
engine. According to Mr. Knocke, these 
tests showed a total fuel and lubricant cost 
per 1000 miles for three diesel units of 
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by CHARLES F. McREYNOLDS 


simulated the bursting of 1000-lb bombs. With the audi- 
ence thus psychologically prepared, Mr. Nutt recounted 
his amazing experiences in France and his close call in 
the bombing of Paris. In analyzing the defeat of the 
French for his audience, Mr. Nutt stressed the fact that 
they started too late to prepare for the attack, and that they 
failed to accelerate private industry sufficiently. Thus 
France lacked almost every kind of war supplies which 
were needed, and which could have been supplied through 
an earlier and greater production effort. 

Much of the failure of French production, Mr. Nutt 
reported, was attributable to inadequate standards for ma- 
terials and detail design requirements for engine and ac- 
cessory mounts, and other parts. If such standards had 
been available at the beginning of the war, they would 
have rendered inestimable help. Other deficiencies were 
noted in the selective draft plan, which took many needed 
technical men and trained specialists from the aircraft 
plants and put them on routine army duty. All of these 
failures, Mr. Nutt emphasized, should serve as a warning 
to us in America, in order that we may be spared the same 
mistakes. The speaker stressed particularly the importance 
of putting politics in the background and placing our de- 
fense efforts in the hands of qualified experts. In conclu- 
sion, he reported that American engines in service in France 
were considered by the French military authorities to be 
far superior to their own engines. 


IN PRODUCTION STRESSED 


at National Aircraft Meeting 





A plea made by Mr. Nutt for further standardization in 
the American aircraft industry was echoed by T. P. 
Wright, general chairman of the new SAE Aeronautical 
Standards Board for National Defense, in announcing 
completion of personnel of this group, organized to co- 
ordinate and supplement aircraft standardization work 

(Continued on page 19) 














$18.92, as compared with $40.57 for gaso- 
line-propelled units. Lower maintenance 
costs were noted for the latter, however, 
although the total operating cost, including 
depreciation, showed a saving of $15.90 per 
1000 miles for the diesel-operated units. Mr. 
Knocke predicted increased gains in power 
per unit for diesel engines, but warned the 
average motorist that unless he drives from 
30,000 to 50,000 miles per year he can not 
hope to realize on the savings inherent in 
diesel-engine operation. 

Warren A. Taussig, Burlington Transpor 
tation Co., detailed the difficulties of diesel 
bus operation in the Rocky Mountain re- 
gion in his paper, and told of strenuous 
road-test technique under actual operating 
conditions used in overcoming many of the 
problems. With characteristic bluntness, he 
gave both the engine designers and refiners 
present much to think about as he expressed 
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the need for improvements in engine design; 
made plain the necessity for more uniformity 
in diesel fuels, and claimed that additives 
are imperative in lubricating oils. Operating 
tests over the Burlington route, he reported, 
reveal the absolute necessity for a clean, non 
corrosive and “oily” fuel of uniform specif 
cation. It was indicated, he added, that 
cetane numbers might be somewhat lower, 
provided that their heavier 
lower distillation numbers. 
Mr. Taussig summarized his experience 
with lubricating oils as follows: (1) a pure 
unadulterated mineral oil does not produce 
satisfactory results regardless of quality; (2) 
any oil that breaks down in service into 
corrosive compounds must be treated with 
neutralizing corrosion inhibitors to protect 
copper-lead engine bearings; (3) 


fractions had 


most, u 
not all lubricating oils, require the addition 
of an oxidation inhibitor; and (4) a de 
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tergent is necessary to scour varnish-forming 
compounds from piston walls and cylinder 
bores. 

Despite the operating difficulties and the 
many decidedly expensive shutdowns in past 
service, Mr. Taussig asserted that his com- 
pany believes diesel engines to be more 
economical than gasoline engines in bus 
service and that its fleet of buses is being 
enlarged with the purchase of many more 
diesel units. Frank A. Suess, Robert Best, 
Continental Oil Co.; H. T. Bennett, Mid- 
Continent Petroleum Corp.; and L. E. Hebl, 
Shell Oil Co., took issue with Mr. Taussig 
on diesel fuels and lubricants in the discus- 
sion of the paper, indicating that many of 
the complained-of difficulties already have 
been eliminated. 

Though not originally planned as such, 
the paper of Dr. Ulric B. Bray, consulting 

(Continued on page 15) 








SAE-QMC Committee 
Speeds Standards Work 


The SAE-Quartermaster Corps Advisory 
Committee and its subcommittees, working 
in high gear, have made recommendations 
to the Quartermaster Corps of specifications 
for miscellaneous threaded fittings, genera- 
tors, ignition coils, voltage regulators, starter 
drives, instruments, switches, fans and fan 
belts; carburetors, and batteries. This work 
comprises the major portion of the projects 
so far set up for the committee’s considera- 
tion. 

Projects are originated by the Quartermas- 
ter-Corps which advises the SAE-QMC Ad- 
visory Committee, upon which it is repre- 
sented by Lt.-Col. Mark V. Brunson, of 
parts, fittings, or accessories that it feels 
should be considered for standardization. 
The SAE committee, in turn, assigns proj- 
ects to specialized subcommittees, according 
to the nature of the product to be considered. 

Each subcommittee, made up of experts in 
its field, analyzes the project and develops 
tentative recommendations. These are sent 
to vehicle and parts manufacturers concerned 
for their approval or suggestions. The sub- 
committee then studies the suggestions, re- 
considers its proposals, and forwards them 
to the main committee for approval. The 
recommendations are then proffered to the 
Quartermaster Corps. 


Black Out Transportation 
Demonstrated by Army 


= Baltimore 


How the army is prepared to move men 
and equipment over main highways and 
country back roads during black outs was 
demonstrated to members and guests of the 
SAE Baltimore Section at the Holabird Quar- 
termaster Depot, Oct. 10. 

In complete darkness, officers and enlisted 
men of the Holabird Transport School drove 
a fleet of motor vehicles in column formation 
over winding and devious routes, up hill 
and down, and around hairpin curves at 
comparatively high rates of speed. 

Keeping their distance with precision, 
powerful transport trucks, speedy recon- 
Naissance cars, and other vehicles sped 
through the night. There were no crashes, 
thanks to the perfect functioning of the 
black-out lighting systems installed on the 
vehicles. 

The black-out convoy movement followed 





a demonstration of new-model vehicles in 
the afternoon on a half-mile course which 
simulates conditions found on cross-country 
driving. 

The SAE guests saw demonstrations of 
hill climbing, pulling out of deep mud, 
speed over corduroy roads, and performance 
of other difficult feats. 

Lt.-Col. H. J. Lawes, Holabird com- 
manding officer, Lt.-Col. William B. John- 
son, chief of the engineering division, and 
other officers informally addressed the visi- 
tors after dinner at the camp’s mess hall. 


Tanks Greatly Improved 
During Past 18 Years 


= Indiana 


The tank was mothered in America and 
sired by the English; under Winston Church- 
ill, as a means of increasing fire power, 
sheltering fighting men, and at the same 
ume to enable them to advance faster over 
forbidding terrain, Lt.-Col. J. K. Christmas, 
U. S. Army Ordnance Department, told 
s¢me 300 members and guests of the Indian- 
apolis Section, Oct. 17. 

Outlining the strides made in tank devel- 
opment during the past 18 years, Col. 
Christmas declared that the fire-power has 
been greatly increased, the armor much im- 
proved, and that the mobility curve has 
swung upward in almost a vertical line. 

In America, he said, we are developing 
tanks with consideration for the country’s 
vast size; tanks that can advance at the 
rate of 150-200 miles per day. Medium-sized 
tanks, he revealed, have the fire-power of 
40 foot soldiers, their armor provides ample 
protection for their crews of four, and they 
advance ten times as fast as foot soldiers. In 
battle, he explained, the fire-power of tanks 
shelters foot soldiers and reduces the num- 
ber of men necessary for an attack. 

Tanks, Col. Christmas stated, cost about 
a dollar per pound, and a tank division 
costs about the same as a light naval cruiser. 
This expense may be reduced when peak 
production is reached, he indicated. At 
present, he reported, light and medium 
tanks are coming off production lines, and 
designs for heavy tanks will be ready for 
production as soon as new plants are com- 
pleted and tooled. 


Besides slides and charts presented by Col. 
Christmas, motion pictures were shown’ of 
tanks and other automotive ordnance in 
action. 
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Fales Predicts Car-Owner 
Criticism of 1941 Models 


= New England 


The styling that sells 1941 cars may be 
the basis for complaints from owners pur 
chasing the new models, Dean A. Fales, 
associate professor of automotive engineer- 
ing, Massachusetts Institute of Technology, 
told New England Section members and a 
goodly group of SAE Student Branch mem 
bers from M.I.T., at the Engineers Club, 
Boston, Nov. 12. Chairman Joseph E. Noon 
presided. 

From comments received concerning last 
year’s models, Mr. Fales predicted the fol 
lowing car-owner complaints regarding this 
year's offerings: 

“Intense heat inside the bodies in warm, 
sunny weather, caused by the hot-house ef 
fect of the steeply sloped windshields, rear 
windows, and ‘tumble-home’ side windows. 

“The blanking off of vision through the 
sloping rear windows, even in the mildest 
of snowstorms. 

“The difficulties experienced on ramps, 
detours, and rough roads, caused by low 
ground clearances. 

“The treacherous road-holding characteris 
tics of the modern cars, with such a large 
proportion of weight on the front end, when 
rounding sharp curves on highly crowned 
roads when wet and icy conditions prevail. 

“The eye strain in night driving, caused 
by the low seating position and the more 
powerful headlights.” 

From a mechanical standpoint, Mr. Fales 
said, the most important developments of 
the year have been made in clutch and 
transmission systems. While the present 
variety in methods of driving is confusing to 
the average motorist, he said, manufactur 
ers are trying to make driving easier and 
there undoubtedly will emerge a simpler, 
more commercial transmission system. 

In many cases, he said, engine power has 
been increased by higher compression ratios 
suitable for the newer fuels. Carburetion, 
ignition, bearings, valves, lubrication, and, 
in fact, the minutest engine parts have been 
developed and improved, Mr. Fales com- 
mented. Wider and heavier frames, he said, 
carry larger bodies. In some cases, he added, 
rear-end ratios are changed to give heavier 
cars the agile performance that drivers now 
demand. 

Improvement was noted by Mr. Fales in 
pressure ventilating systems, heating systems, 
and air-cooling systems. He spoke of the 
electrically and hydraulically operated win- 
dows in the “luxury models.” 

The small Nash, according to Mr. Fales, 
is the only new car of the year. It has an 
adaptation of the Lancia independently- 
sprung front wheels and coil springs on the 
rear, with unit body and frame construc- 
tion, he reported. 


Needs Speeding Synthetic 
Rubber Development Cited 


= Detroit 


Instability in price and in availability of 
natural rubber has been an important fac- 
tor in the development of rubber substitutes, 
it was brought out at the Nov. 11 meeting 
of the Detroit Section. Significant special 
characteristics of synthetic rubber have been 
the real incentive for continued development 
and greater application to products, how- 
ever, and have provided commercial reasons 
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for expanding and continuing to expand 
production facilities so that synthetic rub- 
ber will be available as an emergency sub- 
stitute for natural rubber, it was concluded 
by the six participants in the forum-type 
meeting. 

W. J. McCortney, engineer in charge of 
the rubber and plastics laboratory of the 
Chrysler Corp., was the principal speaker, 
presenting his paper, “The Economics of 
Substituting Synthetic Rubber In Automo- 
biles.””. He was supported by five technical 
experts from the synthetic rubber and chemi 
cal industries: J. W. Crosby, manager <i 
technical service, Thiokol Corp.; E. R. 
Bridgewater, head of the rubber chemicals 
division of the DuPont Co.; Dr. Waldo L. 
Semon, research director of Hydro-Carbon 
Chemicals, Inc.; I. E. Lightbown, head of 
the technical service on synthetic rubber in 
the commercial rubber department of the 
Standard Oil Co., N. J.; and R. P. Dinsmore, 
technical director, Goodyear Tire & Rubber 
Co. The speakers were introduced by H. A. 
Hicks, Chrysler Corp., chairman of the De- 
troit Section’s Passenger Car Activity. 


Strategic Military Materials 


Mr. Hicks pointed out that the synthetic 
rubbers and natural rubber have proved to 
be materials of strategic importance in mod- 
ern war, just as the use of natural rubber 
for use in tires proved to be a key material 
in the growth of the automobile industry. 

Price considerations and extreme short- 
ages of rubber (some natural and others 
artificial) have played an important part in 
rubber technology. All of the early develop- 
ments on rubber substitutes were brought 
about by these factors, according to Mr. 
McCortney. 

“The last 20 years have seen the price 
of rubber vary from 75¢ per lb to 2%¢ 
per lb, largely due to the varying effects of 
the English and Dutch restrictions,” accord- 
ing to Mr. McCortney. “The high of 1910 
was $3.06 per pound. It has been estimated 
that crude plantation rubber can be pro- 
duced for a profit at 6 to 10¢ per lb. Thus 
it can be seen industry has presented the 
chemists with the interesting problem of 
producing material of a comparatively stable 
price from year to year.’ In addition, the 
symposium brought out the point that syn 
thetic rubber, even though produced at a 
price slightly above that of natural rubber, 
serves effectually to put a ceiling on the 

(Continued on page 17) 


F&L Meeting Debate Won 

By Kansas State College 
One of the outstanding features of the 
SAE National Fuels & Lubricants Meet- 
ing, was the debate between teams from 
Kansas State College and the University 
of Oklahoma on the question, “Re- 
solved: That Higher Compression Trac- 
tor Engines Are To Be Preferred for 
Tractor Power Equipment,” which took 


place after the final dinner, Friday eve- 
ning. 


Kansas State College, defending the 
affirmative, was declared the winner. It 
was represented by Phil Myers, E. J. 
Blackburn, Vincent Ellis, and Dick 
Breckenridge (alternate). Members of 
the University of Oklahoma team were 
Ernest Graves, G. B. Phillips, W. F. Ford, 
and C. A. Brooks (alternate). 
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Fuels and Lubricants at Tulsa (Continued) 


petroleum technologist, Los Angeles, on 
“Modern Diesel Lubricants for the Modern 
Diesel,” was complimentary to that of Mr. 
Taussig, in that it answered directly some 
of the questions raised in the latter's paper. 

Attacking the problem of diesel-engine 
lubrication from a practical standpoint, Dr. 
Bray stressed the importance of detergency, 
which he defined as “that property of the 
oil which assists in removing or preventing 
the accumulation of dirt on the engine parts. 
Detergency,” he said, “operates through 
colloidal phenomena wherein the contami- 
nants are held in suspension through some 
kind of peptizing action or other form of 
colloidal protection.” The less the load 


type lubricants, but it became apparent as 
research progressed that the fundamental 
cause of the loss of lead and eventual dis- 
integration of the surface from a copper-lead 
bearing was the development of relatively 
low-molecular-weight corrosive acids re- 
sulting from the catalytic oxidation of the 
base oil. The conclusion was therefore 
reached that the safest way to prevent bear- 
ing corrosion was to prevent oxidation of 
the base oil. As a further precaution, the 
addition of ‘corrosive inhibitors’ which 
would prevent or slow down the attack of 
corrosive acids if and when such acids de 
veloped, seemed logical. As a final line of 
defense,” he added, “it was proposed to 





Standing (left to right): F. A. Suess, T. P. Sands, G. C. Richardson, W. H. Hubner, and E. R. 
Barnard. Mr. Suess and Mr. Richardson presided at sessions. Seated are Southern Califor- 
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placed on a detergent, he added, the longer 
the oil can be used before the detergent 
property is exhausted. 

Emphasis was placed upon the necessity 
of an “anti-welding” or high-film-strength 
agent to guard against destructive scuffing or 
scratching resulting from microscopic weld- 
ing of rings to liners when the usual lubri- 
cating film is ruptured. 

“Ojiliness’’ of a lubricant is important in 
the control on normal engine wear, Dr. 
Bray stated, adding that it is “helpful to 
consider ‘oiliness’ as that property of the 
lubricant which results in reduced wear 
under normal operating conditions, when 
scuffing or scratching is not a factor.” 

Dr. Bray also remarked that low carbon- 
forming tendency becomes increasingly im- 
portant as more power is taken from the 
engine and the oil is subjected to greater 
abuse. Stability of the lubricant against 
heat and oxidation likewise assumes greater 
importance with each advance in diesel de- 
sign and performance, he noted, stressing 
that added compounds must be stable against 
engine temperatures. 

“The prevention of bearing corrosion,” 
Dr. Bray told his audience, “was a major 
objective in the development of the newest 
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incorporate in the oil a class of compounds 
which would furnish a source of reserve 
alkalinity capable of neutralizing corrosive 
acids if and when they developed. The func- 
tion of these alkalizing compounds would 
be analogous to that of ‘buffers’ commonly 
employed in aqueous systems where acid 
contamination is to be counteracted.” 


Special Diesel Fuels 


Dr. L. A. Blanc, Caterpillar Tractor Co., 
outlined experiments of his company with 
“doped” diesel fuels in his paper titled “An 
Attempt to Develop a Special Diesel Fuel.” 
The purpose of the experiments, he said, 
was to determine if the use of additives 
would improve the ignition characteristics 
of these fuels. Treatment with sulphuric 
acid and sulphur dioxide, or both, was 
studied, he reported, and the influence on 
volatility and chemical composition by the 
addition of n-pentane and n-heptane was 
presented. Dr. Blanc indicated that distinct 
improvement could be obtained by treat- 
ment, but that such improvement is not as 
great as that obtainable by design changes 
in the injection system. “It is believed,” 
he said, “that the ability to use economical 








starting equipment will be attained largely 
through such design changes, although the 
effect of these changes on performance must 
be closely watched. Perhaps both a special 
starting fuel and a redesigned injection sys- 
tem may be necessary,” he commented. 

In his paper, “Rationalizing Lubricating 
Greases,” M. B. Chittick, Pure Oil Co., 
made concrete suggestions for clearing up 
much of the confusion existing in the terms 
used for identifying present lubricants. After 
illustrating his points with a number of ex- 
amples, he suggested that the general recog- 
nition of but three types of motor lubricants 
would aid materially in lessening misunder- 
standings and would lead to the manufac- 
ture of better lubricating greases. The three 
types suggested were: (1) mineral oils, (2) 
mineral oils in admixture with other agents 
in which the viscosity of the mixture is 
not greater than the base oil and, (3) 
mineral oil in admixture with thickening 
agents, such as metallic soaps in which the 
viscosity becomes greater than that of the 
base mineral oil. “There is an unquestioned 
need for greater consistency and_ physical 
and chemical stability in present lubricants,” 
said Mr. Chittick, adding that “further re- 
search on their structure should lead to this 
result.” 

E. R. Barnard, Standard Oil Co., of Ind., 
and James R. Corbett, Cato Oil & Grease 
Co., led in the discussion of Mr. Chittick’s 
paper, asserting that the speaker had taken 
a courageous stand in making what, in many 
quarters, will be considered radical sugges- 
tions. Though differing somewhat on the 
suggested nomenclature, each admitted the 
merit of the proposals while pointing out 
the difficulties in attaining the desired ends. 


Status of Light Aircraft 


In a paper primarily concerned with the 
status of maintenance and development of 
light aircraft, presented by R. W. Rummel, 
Rearwin Aircraft & Engines, Inc., light air- 
craft were considered as commercial aircraft 
having a standard weight up to 2000 lb 
and a power output up to 120 hp. He 
pointed out that the increasing number of 
small ships in daily use is rapidly leading 
to a demand for their manufacture on a 
“production” basis, which will inevitably 
lead to lower initial costs and maintenance. 
“When this time arrives, and it should not 
be long in coming,” said Mr. Rummel, 
“there will be a great need for servicing of 
these planes, and manufacturers should be- 
gin now to assist the owner and maintenance 
agencies in obtaining the necessary facilities 
and in preparing helpful literature and 
tools.” This paper was profusely illustrated 
with slides of current plane models show- 
ing construction details which contribute to 
lower manufacturing costs and greater safety. 

H. R. Wolf, Research Laboratories Di- 
vision, General Motors Corp., in the final 
technical paper of the meeting, ‘“Crankcase 
Oils for Heavy-Duty Service,” declared that, 
in order to meet the more exacting lubri- 
cating-oil requirements of the present-day 
engines, especially those operated under 
heavy-duty service conditions, the refiner 
must carefully consider: (1) crude source; 
(2) refining process; (3) oxidation inhibitor; 
and (4) detergent or suspension agents. This, 
he said, does not infer that only a single 
type of crude or a single refining process 
will produce a satisfactory finished product, 
but it does infer that the necessary balance 
must be maintained, and that the addition 
agents should be compatible and effectively 
control oxidation and engine deposits. 

During discussion, Mr. Wolf pointed out 
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that one of the outstanding factors to be 
considered with respect to the so-called 
heavy-duty oils is the effect of the filter used. 

These oils are treated with additive agents 
to obtain both detergent and anti-oxidation 
properties, he said, adding that the type of 
filter used can either promote or entirely 
destroy the value of the heavy-duty lubri- 
cant. It appears, he commented, that at 
present filters using Fullers earth or ac- 
tivated clays will have an undesirable effect 
in removing certain additives that were 
originally put there to perform a_ specific 
service. If this occurs, naturally the effect 
of the additive will be counteractive. Pres- 
ent experience indicates, he stated, that the 
cotton-waste, cotton-yarn, mineral-wool and 
similar types of filters are more satisfactory 
for the present available heavy-duty oils. 

Session Chairman Frank A. Suess voiced 
the opinion “that more attention might well 
be paid to reducing crankcase temperature 
to obtain a reduction in the stress on the 
crankcase oil under heavy-duty services be 
cause, since temperature is one of the prin- 
cipal contributing factors in the rate of 
oil-stability decline in service, a reduction 
in temperature would give some measurable 
relief by eliminating, at least to some degree, 
one of the principal causes of oil deteriora 
tion. This temperature reduction could be 
more effective ultimately than using special 
materials to withstand the effect of high 
temperature, and it is recognized that, even 
though the designer would take advantage 
of this reduction in temperature and increase 
his specific power output with resulting 
higher temperatures, the stress on both oil 
and bearing life would be materially re 
duced.” 

A. L. Heintze, Sinclair Refining Co., com- 
mented on the material improvement through 
development work that could be obtained 
by increased crankcase-oil capacity, reducing 
the number of times that any volume or 
drop of oil is exposed to high temperature 
during the operation period between crank 
case changes. 

Dr. Ulric B. Bray discussed Mr. Wolf's 
paper from the standpoint of detergency 
requirements as an inherent attribute of a 
heavy-duty oil. He emphatically pointed 
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out that, even though heavy-duty oils have 
unusual resistance to oxidation and excellent 
detergency characteristics, the owner of an 
operation should be careful to stay within 
the physical limits of the heavy-duty type 
oils, because the additive materials can only 
fortify the oil against a given amount of 
abuse which, if exceeded through over-long 
use, can only result in a sudden, rapid 
change in oil characteristics, accompanied by 
operating difficulties. 

The Chairman pointed out, in this respect, 
that it appears desirable for all involved 
the engine builder, the oil supplier or oil 
refiner, and the engine operator —to make 
haste slowly in any attempt to lengthen 
useful oil life between crankcase drains, 
since the nature of the service is one of the 
more important factors determining the “safe 
oil life,” and that this factor only can be 
determined with a_ reasonable degree of 
safety by actual experience. Any attempt 
to lengthen unduly the periods between 
crankcase changes would undoubtedly re 
sult in a certain amount of difficulty and 
regrets, he added. 


Lacquering Due to Added Oil 


Mr. Wolf gave a very convincing demon 
stration of the results sometimes obtained 
in “apparent” sudden lacquering or sticking 
of pistons immediately after new oil has 
been added to a charge of oil that has previ- 
ously been very badly oxidized in service. 
His demonstration showed that, while badly 
oxidized oil would contain lacquers and 
similar oxidation materials in solution, the 
new oil, even of the same base grade and 
type, would not readily assimilate in solu 
tion the oxidation products, causing them to 
be precipitated rapidly on various working 
surfaces. In the case of deposition on pis 
tons, he noted, the oxidation products would 
suddenly break down, reducing piston clear 
ance to zero and result in “stuck engines.”’ 

Mr. Wolf commented that his laboratory, 
in flushing out an engine, first uses a very 
low-V.I. oil which readily assimilates in 
solution the oxidation products. Next, he 
said, the low-V.I. oil is flushed out with 
a crankcase filling of the oil to be used. 
After the second flushing, the crankcase 1s 
filled with oil for use. 
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price of natural rubber for which it can be 
a substitute. 

Mr. McCortney explained that the average 
cost of synthetic rubbers is about 60¢ per 
lb. “At the present time its use as a fav 
ored material in its own right is paramount,” 
he said, adding: “Personally, I do not think 
the time has yet come when we can con- 
sider synthetic rubber for tires.” 

He revealed that this country is now 
facing an acute shortage of synthetic rubber 
which is used in places where natural rub- 
ber does not meet requirements. The 
Chrysler Corp. alone uses over 100,000 |b 
of synthetic rubber per month, he stated. 
The present production in the United States 
is probably around 800,000 |b per month but 
that would not be enough substitute mate 
rial to run one of the larger rubber com 
panies for two days, he declared. 

Mr. McCortney revealed that Chrysler 
could double its use of synthetic rubber 
without using it in a single place that 
would involve a “cost penalty’’ over mate 
rial now being used. This economically 
sound use of the material must come first 
to build up the country’s capacities for 
manufacturing synthetic rubber so prices can 
be brought down, he added. 


Synthetic Rubber Shortage 


The shortage of synthetic rubber that 
exists, he explained, is largely due to de 
fense requirements, particularly those of the 
aviation industry which uses the syntheti 
material in every instance where it comes in 
contact with oil or gasoline, which syn 
thetics resist admirably. The capacity for 
synthetic rubber is being doubled and 
quadrupled by manufacturers as fast as 
possible. He revealed the progress being 
made in stepping up production rates on the 
synthetics. 

The interest of the automotive engineer 
in synthetic rubber, it was pointed out, is 
based on the fact that these materials have 
greatly improved resistance to oils, greases 
and solvents. In some cases the synthetics 
can be used interchangeably but in other 
cases only one specific synthetic will do the 
job, since each of these materials has its 
own particular characteristics. 

On the economic phase, Mr. Bridgewater 
assailed the suggestion that enforced use ol 
synthetics be promulgated even in cases 
where it would be uneconomic, in order to 
speed up production and increase capacity. 
He said that, in his opinion, the suggested 
cure is worse than the emergency and, 
moreover, the shortage emergency is alread: 
being met. The problem, he said, is to 
ascertain how large demands will be in the 
future, particularly for military purposes. 

Dr. Semon explained that Ameripol is a 
trade name applied to vulcanized articles 
made from the synthetic crude, hy-carb. 
This, he explained, is a product of the 
Hydro-Carbon Co., jointly formed by B. F. 
Goodrich Co. and Phillips Petroleum Co., 
to permit the maximum utilization of the 
process and technique. Because defense re 
quirements have tied up most of the avail 
able natural rubber, and because of the 
threat that supplies may be further curtailed, 
he said, there is a definite need for a sub 
stitute material. Seventy-five per cent of our 
rubber is used in tires, he stated, so the big- 
gest demand for this type of synthetic is 
for tire manufacture. It would be un- 
economical, he added, to build and operate 
a plant manufacturing this synthetic in 
quantities less than 100 tons a day. Then, 
he explained, the price would be about 45¢ 
per lb, compared with 20¢ per lb at present 
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for rubber in a first line tire. Certainly, 
he said, a moderately priced synthetic would 
prevent any steep increases in the price of 
natural rubber. 

The characteristics and applications of 
Thiokol were explained by Mr. Crosby, who 
spoke particularly of efforts to control its 
cold-flow characteristics and to eliminate 
odors from the product. 

Mr. Lightbown explained that Butyl rub 
ber is entirely different from other known 
synthetics and is actually very similar to 
rubber, even in the fact that it is not oil 
resistant. The material may be fabricated 
on regular rubber factory equipment with 
out major modifications and actually molds 
better than natural rubber. 

The current approximate consumption ol 
natural rubber, he said, is about 600,000 
tons in the United States, of which 70-75% 
is used in tires and tubes and the rest in 
thousands of diverse uses. Comparatively, 
he said, the growth in the consumption ol 
synthetics has carried it so far only to the 
level of 3000 tons a year in 1939. How 
ever, 8000 to 10,000 tons consumption is 
anticipated for consumption in the premium 
field, and it is possible, if there is a rubber 
shortage, that government requirements 
alone may exceed 100,000 tons a year. 

He also gave information on the current 
supply of rubber, stating that approximately 
a three-months supply of crude is available, 
plus two-months “float” and four or five 
months more in finished inventory. In out 
lining plans to increase the inventory, he 
stated that they include a trade of 88,000 
tons from the British for which the United 
States will ship cotton; that an additional 
180,000 tons has been scheduled tor ship 
ment by the end of the year and 150,000 
tons is already scheduled for next year, with 
418,000 tons in reserve as the goal. 

Mr. Lightbown also presented a complet 
technical description of the physical char- 
acteristics and specifications of the new 
Chemigum, giving at the same time a 
comparison of its properties with those of 
natural rubber. He stressed, as did some of 
the other speakers, that “the rubber chemist 
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now has in his hands the means of varying, 
over wide limits, the basic raw material 
itself,” adding that the properties of the 
material “‘are relative and capable of con- 
siderable modification.” , 

Dr. Sidney M. Cadwell, U. S. Rubber Co., 
pointed out in a statement from the floor 
of the meeting that the progress of synthetic 
rubber represented 30 years work by a large 
group of chemists and is “a first-class chemi- 
cal accomplishment.” 


Nutt and Warner Urge 
Defense Program Support 


m Oregon = No. California 
n Washington Colorado Club 


What America must do, and what the 
SAE is doing in national defense were sub- 
jects brought to the Society’s Washington, 
Oregon, and Northern California Sections 
in October by SAE President Arthur Nutt, 
vice president of engineering, Wright Aero- 
nautical Corp., and the Society’s General 
Manager John A. C. Warner. En route to 
the Coast Mr. Nutt had visited the SAE 
Club of Colorado earlier in the month and 
later he presented two papers at the So- 
ciety’s National Aircraft Production Meeting 
in Los Angeles, Oct. 31, Nov. 1 & 2. 

Urging the United States to profit by the 
errors made by France, Mr. Nutt pointed 
out that the French defense program was 
too late in getting started . . . that progress 
was hampered by failure to set proper pro- 
cedure to encourage private industry 
that technical approvals were slow and in- 
spection and control poorly organized. He 
emphasized that lack of proper standards 
for materials and detail design requirements 
for aircraft-engine mountings, accessory 
mountings, and other parts, were lacking. 
These he said, would have been of consider- 
able assistance had they been available at 
the beginning of the war. 

Continuing his talk, which was _ based 
upon personal observations made while in 
France during the stirring days before its 
fall, Mr. Nutt brought home many of the 
points which he made at SAE eastern Sec- 
tions, as reported on page 13 of the October 
SAE Journal. 

“One thing is uppermost in the minds of 
SAE members—that is preparedness for 
peace,” declared Mr. Warner in his presen- 
tation. 

He recalled that the Society gave a “pretty 
good account of itself in the last war,’ and 
stated, “we now are more forehanded than 
we were then and our foresight has pre- 
pared us a little better. 

“The SAE, in its way, has been preparing 
for peace for some time. Preparedness in 
these times is ‘automotive preparedness.’ The 
need is urgent for the immediate strength- 
ening of our defenses, and a large share of 
the burden and self-sacrifice will fall on the 
shoulders of the SAE membership.” 

Mr. Warner exhibited slides showing the 
cooperation of the SAE in the nation’s pre- 
paredness program; how it is working with 
the military on Ordnance, Quartermaster 
and aviation problems and how it is cooper- 
ating with the National Defense Advisory 
Commission. 

“Now is the time,” he said, “wherein it 
is shown how one man and one group can 
profit by the cooperation of another man and 
another group; that is, the bus and truck 
men take leaves from the book of the air- 
craft men and vice versa.” 

Looking ahead, Mr. Warner declared, “In 
my opinion the future is going to be inter- 








esting. It can be bright and it can be 
peaceful if we want to make it so — but now 
is the time to make the sacrifice for prepar- 
edness. Otherwise, we can express the result 
in the two-word epitaph: ‘too late’.”’ 

The Oregon meeting was well attended 
locally and by a very representative list from 
the Oregon State College SAE Student 
Branch and faculty. 





At the Denver meeting, Oct. 16, Mr. Nutt 
was welcomed by 175 SAE members and 
guests. While visiting the city he addressed 
the board of directors of the Chamber of 
Commerce and was guest of SAE Club of 
Colorado officers on a trip to scenic spots 
in the nearby mountains. 


Super-Highway Talk Spurs 


Discussion on Car Design 
a Pittsburgh 


The important part automotive equipment 
played in construction of Pennsylvania's 
$71,000,000 turnpike was emphasized by its 
chief engineer, Samuel W. Marshall, in his 
Oct. 22 talk before the Pittsburgh Section on 
the construction of this pioneer 160-mile 
super-highway through the Appalachian 
Mountains, linking Harrisburg and Pitts- 
burgh. 

Automotive equipment, some of which 
was mounted on tires costing $1,800 each, 
moved some 27,000,000 cu yd of dirt and 
rock in the course of construction, he said. 

Despite the mountainous terrain there are 
no grades greater than 3%, Mr. Marshall 
declared. The turnpike, he explained, part- 
ly follows the roadbed of the never-com- 
pleted South Penn Railroad, abandoned in 
1885. Six of the turnpike’s seven tunnels 
were partially bored by the railroad more 
than half a century ago. 

How the turnpike will affect motor-vehicle 


design, was the theme of discussion foilow- 
ing Mr. Marshall's presentation and the 
showing of slides tracing the construction of 
the highway. 

Stephen Johnson, Jr., Bendix-Westing- 
house Automotive Air Brake Co., averred 
that present-day commercial vehicles are 
not designed for speeds possible on the turn- 
pike, particularly as regards to steering, tires, 
acceleration, and deceleration. He predicted 
that commercial vehicles will have to be 
redesigned for adequate braking of loaded 
vehicles at high speeds. 

Reporting that 98% of the passenger cars 
hit an average speed of 63 mph on the turn- 
pike, Edward McKay, also of Bendix-West- 
inghouse, told what happened to several 
cars that passed him on his trip over the 
highway. He saw them later drawn up to 
the side of the road, he reported, one with 
burned-out engine bearings, another suffer- 
ing from cooling-system trouble, and a third 
with a blown tire. 

Mr. Marshall recommended speeds of 
from 60 to 65 mph on the turnpike, and 
commented that at 50 mph the driver is 
apt to fall asleep. The highway is con- 
structed, he said, to handle 6,000 to 10,000 
vehicles per day, and was swamped when 
27,800 crowded it on the first Sunday. The 
major difficulty, he said, was due to limited 
ticket facilities, and when these were im- 
proved 28,100 vehicles were handled with 
no difficulty on the following Sunday. 

Representatives of Pittsburgh motor clubs 
pointed out that now the turnpike is com- 
pleted, Pittsburgh would like to get rid of 
the added trafic “dumped into the city at 
the rate of several thousand vehicles per 
hour” and the resultant traffic congestion. 
“Pittsburgh,” it was said, “now needs a by- 
pass to get rid of what it wanted.” 

Truck tolls were brought up for discus- 
sion, and Harry W. Boord, American Oil 
Co., observed that use of the turnpike by 
trucks will depend largely upon the relation- 
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Mountains are pierced by 7 tunnels totaling 7 miles in length. 

160 over-passes and under-passes keep cross-traffic from the highway. 

Streams and rivers are crossed by 139 bridges ranging from 6 ft. culverts to a 
600-ft viaduct. 
More than two-thirds of the turnpike's mileage is on tangent. Maximum grade is 
3% and maximum curvature 6 deg, with a radius of 995 ft. 

At peak construction, the turnpike gave employment to 18,000 workmen. 








ship of savings in tuel costs, the toll costs, 
and the gain in payloads. He recommended 
that a study be made to determine the eco- 
nomical top speeds for various makes of 
trucks for both eastward and westward trips. 


Geschelin Reviews 
1941 Model Changes 


= Cleveland 


1941 is by no means a “gadget” or “sheet 
metal” year, Joseph Geschelin, Detroit editor 
of Automotive Industries, told Cleveland 
Section members, Nov. 11, in emphasizing 
that the new models of passeuyer cars have 
many more improvements than are evident 
on the surface. 

Examining the record of innovations and 
refinements in design, Mr. Geschelin pointed 
to the trend in power-drive transmissions 
as most important. He commented on the 
Olds Hydra-Matic transmission which ban- 
ishes the conventional clutch and clutch 
pedal; the Chrysler fluid drive, now available 
on all Chrysler Corp. cars, except Plymouth; 
the use of the fluid drive as a part of a novel 
4-speed, semi-automatic transmission on De 
Soto and 6-cyl Chrysler models; and the 
modernized version of the automatic clutch 
offered optionally by Packard in addition to 
its unique overdrive. 

“Altogether new in motor-car engineering 
in this country, Mr. Geschelin said, is the 
front suspension on the new Nash small car. 
It utilizes an adaptation of a famous Euro 
pean system of independent springing o1 
‘knee-action,’ using long, soft coil springs 
encased for the protection of the mechanism 
within. This car, incidently has coil springs 
at all four corners, following the pattern of 
Buick and Olds, and is the only low-priced 
car on the market to be thus equipped.” 

Another novelty not to be overlooked, he 
said, is the adoption of the re-circulating 
ball-type of steering gear on all Cadillac 
and Buick cars. This type of steering gear, 
he explained, was originally designed to 
facilitate easy steering on heavy-duty ve 
hicles, and is exceptionally free in operation. 
Also new, he stated, is the double-carbure 
tion used by Buick. 

The 1g41 models, he said, have certain 
new, features that are kinder to engines, 
increase engine life, and cut the cost of 
operation. Among these is the adoption o 
new engine bearings, which are said to in 
crease engine life by almost double the 
previous performance. Improved piston rings 
add to the length of service life, he added, 
reducing oil consumption to “an almost 
ridiculous degree.” 

In general, Mr. Geschelin commented, 
wheelbases have been increased, weight of 
cars has gone up, and the width of the rea: 
tire tread has been made greater —all in 
the interest of improving the stability of 
motor cars, improving riding comfort. To 
this end, also, have been detail changes in 
spring suspensions, such as use of softer 
springs, better shock absorbers, and generous 
use of rubber in mountings, he said. 

Mr. Geschelin also spoke of hydraulic 
mechanism controlled by an electrical sys 
tem for controlling windows and adjusting 
seats in more expensive cars. Concluding, he 
stated, “last, but not least, we can point 
with pride to the handsome styling and col 
orful finish of the cars offered this year. 
Flashing chromium plate and stainless steel 
in moldings and ornaments serve as a foil 
for the advanced streamlining and_ richly 
appointed interiors that mark the new trend 
in eye-appeal.” 

(Continued on page 35) 
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An informal dinner preceding the session at which SAE President Arthur Nutt told the engineers "It Can Happen Here.” 
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already in progress. The new Aeronautical 
Standards Board has been made as represen 
tative as possible in order to speed study and 
adoption of standards needed in furtherance 
of National Defense efforts. Members an 
nounced are: T. P. Wright, vice president, 
Curtiss-Wright Corp., and consultant to th 
National Defense Advisory Commission, gen 
eral chairman; Com. A. M. Pride, Bureau 
of Aeronautics, U. S. Navy; Major D. G. 
Lingle, U. S. Army Air Corps; J. T. Gray, 
chief, Aircraft Airworthiness Section, Civil 
Aeronautics Authority; R. W. Ayer, Aero 
nautical Chamber of Commerce: P. B. Tay 
engineer, Wright Aeronautical 

».; Mac Short, vice president, Vega 
Airplane Co.; Edward Wells, assistant chiet 
engineer, Boeing Aircraft Co.; A. FE. Ray 
president, Douglas Aircratt Co.; 
J. B. Johnson, chief, Materials Testing 
Branch, Wright Field; W. K. Ebel, chief 
engineer, Glenn L. Martin Co.; J. F. Cox, 


lor, chief 


Cor 


1 
mona, Vice 


Vega Airplane Co.; J. T. Thompson, in 
charge of Standards Department, Glenn L 
Martin Co.; Arthur Nutt, vice president in 
charge of engineering, Wright Aeronautical 
Corp. 


This board is now at work to extend 
standards to all phases of aircraft design a: 
extensively and as rapidly as is practicable. 
A standard once passed by this board will 
have had consideration by both military and 
civil governmental agencies, as well as by 
the industry. The personnel of the main 
board will act as a_ policy-making and 
steering committee. 

One of the first tasks of the new board 
will be to select, coordinate, and approve 
various aeronautical standards which already 
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have been set up by specialized agencic 
ind which have at least limited acceptanc 

The Board will then maintain contact with 
each of these specialized groups in conne 

tion with future standards and will, in 
1 

addition, set up new = standards on item 
required for National Defense purposes. 


he importance of the meeting in gen 

al, and of the aircraft standards activities 
in particular, were emphasized by a telegram 
to the Society from National Defense Ad 
visory Commissioner William S. 
which read: 


Knudsen 


“The natuon looks to industry for 
major support of the National Defens¢ 
effort, and to the technical societies 
for coordinated assistance to the ck 
fense agencies; and to industry to: 
the standardization of materials and 
equipment, their improvement, and 
for improved and more rapid prox 
essing and manufacturing methods. 

“Please express to the SAE Na 
tional Aircraft Production Meeting 
my appreciation of their efforts and 
interest, and urge upon them ir 
doubled effort in the whole field and 
particularly in the work of the SAI 
Aeronautical Standards Board.” 


Successful Display 


The Aircraft Engineering Display, started 
in conjunction with the 1939 Production 
Meeting, was continued and expanded this 
year. Visiting engineers and aircraft execu 
tives expressed keen interest in the exhibits 
of new products, materials, and devices 
which were displayed in a hall ad‘oining 
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(Left to 


the main auditorium. The display was as 
sembled under the chairmanship of J. H. 
Kindelberger, president, North 
Aviation, Inc., and included the 
firms and products: 


American 
following 


Air Associates, Inc., miscellancous acces 
sories and equipment; Air Reduction Sales 
Co., Airco gas welding equipment and Wil 
son Hornet arc welder 
tries, Inc., 


Aluminum Indu: 
aluminum castings and forgings 
ind aluminum paint; American Bosch Corp., 
urcraft-engine magnetos and the Parr Ign 
tion Indicator; American-La France-Foamit 
Corp., fire-fighting equipment; Baldwin 
Southwark Division, The Baldwin Lo:omo 
tive Works, SR-4 static and dynami- strain 
vaves; Bendix Aviation, Ltd., aircraft wheels, 
truts, hydraulic equipment, radio; Edward 
G. Budd Mfg. Co., U. S. Army Air Corps 
pilot seat; The Cleveland Pncumatic ‘Tool 
Co., air rivet guns and Aero! retractable 
landing gear; Ducommun Metals & Supply 
Co., tools, gages, metals; General Meta!s Co., 
drop forgings of Timken steel; The Lamson 
& Sessions Co., aircraft bolts, nuts, and 
cotter keys; Librascope, Inc., Librascops 
flight and balance computors; Menasco Mfg. 
Co., Menasco D-4 and C6S4 aircraft en 
vines; Pacific Metals Co., Ltd., Inconel boil 
ers, cowls, radiators; The Parker Appliance 
Co., aircraft plumbing; Simmonds Acces 
sories, Inc., Simmonds controls; Benton spark 
plugs; Solar Aircraft Co., aircraft-engine 
manifolds, muffs, cowlings; Swedlow Aecro- 
plastics Corp., special aviation plastic parts; 
The Timken Roller Bearing Co., Timken 
steels, dies, gages, bearings, and a display of 
Summerill aircraft tubing of Timken steel; 
United Aircraft Corp., Pratt & Whitney 
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R-2800 2000-hp 18-cyl long-nose, two-stage 
supercharger, front-ignition aircraft engine; 
and Hamilton-Standard  quick-feathering 
propeller; United Aircraft Products, Inc., 
aircraft struts and hydraulic equipment; 
Weatherhead Co., aviation plumbing; Wright 
Aeronautical Corp., cut-away 1100-hp Wright 
Cyclone aircraft engine. 


Record Attendance 


‘The meeting got under way promptly on 
‘Thursday morning, Oct. 31. In spite of 
present production pressure, attendance for 
the meeting hit a new record. Total regis- 
trations were almost exactly 1000, compared 
with 875 last year, and total attendance for 
all sessions of the meeting was well abov« 
last year’s figure of 3000. The annual din- 
ner dance on Saturday evening was sold out 
almost a week in advance and the entire 
evening was devoted to social activities, in 
cluding a top-notch floor show. The enter- 
tainment was arranged for by E. E. Tatters- 
field, president, Electric & Carburetor Engi- 
neering Co., and Fred C. Patton, manager, 
Los Angeles Motor Coach Co., took personal 
charge of reservations and dinner arrange- 
ments. 

Largely responsible for the fast-moving 
program was J. W. White, chief engineer, 
Bendix Aviation Ltd., chairman of the Tech- 
nical Papers Committee which worked in 
close cooperation with the sponsoring SAE 
Aircraft and Aircraft-Engine Activities. R. W. 
Millar, president, Vultee Aircraft, Inc., was 
general chairman of the meeting. 

The regular sessions were packed to the 
point of standing-room-only on a number of 
occasions. Liberal use was made of slides 
and moving pictures to illustrate the various 
papers. Five different subjects were covered 
in the seven sessions, in addition to the re- 
port of Arthur Nutt on conditions in France. 
These subjects included aircraft electrical 
equipment, aircraft materials, production 
methods and planning, two sessions on air- 
craft engines, and a_ session devoted to 
standardization. 

A brief speech of welcome was given by 
SAE President Arthur Nutt at the opening 
session, following which he introduced R. W. 
Ayer, of the Aeronautical Chamber of Com- 
merce, who made a plea for cooperation of 
the entire aircraft industry, particularly in 
establishing standards. 


ELECTRICAL EQUIPMENT SESSION 
John Lee, Chairman 


In this session two papers were presented 
dealing primarily with airline — electrical 
cquipment, although the subject is equally 
applicable to much military usage. Discus- 
sion on the subject of auxiliary powerplants 
soon carried this topic well beyond the 
limits of electric systems and brought into 
consideration all forms of accessory actuation. 


Auxiliary Power Equipment —-C. C. SHAN- 
GRAW, Eclipse Aviation, Division Bendix 
Aviation Corp. 


Mr. Shangraw outlined the stages through 
which auxiliary powerplants have passed in 
their development. This includes 115-v 800- 
cycle single-phase systems which have ac- 
tually been service-tested, and 115-v 400- 
cycle 3-phase systems not yet service-tested. 
The trend, he said, is towards a 24-v direct 
current system with high-speed generators 
driven by the main powerplants. He also 
suggested gear boxes as a means of driving 
cabin superchargers and various other acces- 
sories, thus permitting the main engine in- 
stallations to be simplified. Future systems, 
he pointed out, may eliminate the storage 
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C. C. Shangraw 
Eclipse Aviation, 
Division Bendix 
Aviation Corp, 
speaker; John Lee, 
Pratt & Whitney 


Aircraft, chairman 


battery by using an auxiliary powerplant in 
conjunction with large generators driven by 
the main engines. 


DISCUSSION 


A lively and extended discussion devel- 
oped at the conclusion of this paper. John 
Lee, session chairman, contended that the ad- 
dition of a cooling air scoop for the generator, 
as suggested by the author, would further 
complicate the engine nacelle. Mr. Shangraw 
pointed out that an air duct of little more 
than 1-in. diameter would be sufficient. Dr. 
A. L. Klein, California Institute of Technol 
ogy, rose to comment that the power loss 
for a duct of this size would be 4 hp, which 
he feels is considerable. He also asked 
about the electrical efficiency of present gen 
erators; Mr. Shangraw replied that about 
72% was a good figure. 

H. A. Campbell, Solar Aircraft Co., asked 
if increased overall efficiency could not be 
gained by adapting motor sizes and speeds 
more closely to the needs of various acces 
sory units, such as hydraulic pumps. Mr. 
Shangraw agreed that some progress could 
be made along such lines, though the engine 
driven hydraulic system was probably mor 
efficient at present. 

A. E. Acker, Lockheed Aircraft Corp., 
asked if power was not obtained from auxil 
iary powerplants at some weight sacrifice 
due to higher weight per horsepower than 
the main engines, and the added weight ot 
tanks, installation, controls, and so on. Mr. 
Shangraw agreed with this point and said 
that the need of auxiliary powerplants cx 
cept for ground operation service was highly) 
questionable, since additional power can al 
ways be obtained at less weight penalty and 
with more reliability by increasing the powe: 
of the main engines. Ed Meripoc, Lockheed 
Aircraft Corp., reported successful tests with 
an auxiliary gear box driven hydraulically 
from engine-driven pumps, and of effecting 
some weight saving by driving electric gen 
erators with hydraulic pumps. Dr. Klein 
feels that the most efficient system would bx 
to mount all accessories direct to the engine, 
but since there is no space for such an 
installation the auxiliary gear box has been 
developed purely as an expedient. Further, 
Dr. Klein believes, present gear boxes were 
much too bulky and heavy in relation to the 
loads transmitted. Mounting accessories on 
the engine is only half the problem, com 
mented Chairman Lee, the other half being 
provision for maintenance and routine ser 
vicing in such cramped quarters. He further 
opined that, of the three ways for transmit 
ting power for accessories — mechanically, 
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electrically, or hydraulically — all are highly 
controversial at this time and no one system 
had a clear advantage over others. R. W. 
Lohman, Lane-Wells Co., asked why the 
single-phase generator had been preferred to 
the supposedly more efficient three-phase 
unit. To this Mr. Shangraw replied that the 
Navy had been using single-phase 800-cycl« 
systems prior to development of auxiliary 
power systems, and that it had been less 
trouble to get such a layout in service. How 
ever, he feels that there is little to choos: 
between the two systems from a_ practical 
standpoint. 


Aircraft Electricity as the Airline Operator 
Sees It—P. C. SANDRETTO, United Air 
Lines Transport Corp. 


Mr. Sandretto showed that the growth ol 
electrical demands on planes is due mainl\ 
to the problems encountered in operating 
the planes and, hence, electrical systems ar« 
the chief concern of the plane operators. He 
discussed existing electrical systems from the 
standpoint of the operator under headings 
of “Trouble,” ‘Weight,’ and “Facilities.” 
A new system for the plane of the future 
(presumed to have a gross weight of about 
100,000 lb, and a power demand of about 
30 kw) was described by the speaker. A 
substantial weight saving in the electrical 
system was forecast. 


DISCUSSION 


Chairman Lee asked whether a 100,000-lb 
plane was required to justify the proposed 
system. Mr. Sandretto’s reply was that his 
cflort was to get ahead of design trends for 
a change instead of always lagging behind: 
thus efficient electrical power would be avail 
able for a very large plane when it was 
designed. The system would not be so efh 
cient on a smaller plane, he pointed out. A 
large proportion of the electrical-system 
weight on the Douglas DC-4 is at a mechan 
ical minimum and cannot be reduced fur 
ther, Dr. Klein reported, even if clectrical 
considerations would permit such reduction. 

In reply to suggestions that accessory 
drives be returned to the main engines from 
present experiments with auxiliary power 
plants, Richard M. Mock, Fokker Aircraft 
Corp., made a plea for separate auxiliary 
power sources in order that the primary 
engines might be left free for their function 
of flying the airplane. Airline operators have 
to live with the planes supplied them and 
would prefer four slightly larger main en 
yines to four auxiliary powerplants, retorted 
Mr. Sandretto. In closing the session, Chair- 
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man Lee expressed the thought that everyonc 
was always willing to put a little more 
power into the airplane. 


MATERIALS SESSION 
J. L. Atwood, Chairman 


In this session great interest was attached 
to discussions of the problems of steel and 
magnesium supply for aircraft needs, and 
the audience was reminded especially that, 
unless aircraft designers could decide at least 
a year in advance what alloys they wer 
going to need, and about how much, the 
materials would probably not be available 
when needed for actual production work. 


Some Uses of Stainless Steel in Aircraft 
Construction— OLIVER FRASER, JR., 
Carnegie-lllinois Steel Corp. 


\ plea for standardizing on fewer alloys 
was voiced by Mr. Fraser, in order that steel 
makers may simplify their operations and 
work with greater efficiency. Various aspects 
of steel making were discussed by Mr. Frase1 
in a manner helpful to aircraft designers 
present. He requested simplification of buy 
ing specifications, as in the case of polishing 
both sides where only one side would lx 
sufficient. Such cooperation will speed pro 
duction and also save money, he contended. 
Availability of stainless steel provides ce 
signers with a cushion in case we run low 
on aluminum alloys or other strategic mate 
rials, he pointed out. In any event, lhe 
showed that stainless steels are widely ap- 
plicable to modern aircraft designs, especially 
those of thin-wing, high-speed type. Out of 
a personal experience rich with practical 
development of stainless-steel aircraft struc 
tures, Mr. Fraser advised concerning likely 
design procedures and forming methods with 
stainless-steel materials. 


Magnesium Alloys in the Aircraft Industry - 
J. C. MATHES, Dow Chemical Co. 


Magnesium alloys have been used in ai 
craft construction in increasing volume and 
the future holds promise for continued ex 
tension of this material to aircraft produc 
tion, Mr. Mathes told his audience. Referring 
to unfavorable publicity indicating that th 
American magnesium industry is controlled 
by German interests, he averred that this is 
positively not the case. Magnesium produc 
tion in this country, he said, is being ex 
panded just as rapidly as physical require 
ments of men and materials permit, and this 
production is controlled entirely by Ameri 
can money and American patents. Domestic 
production of magnesium has doubled with- 
in the past year, he announced, and will 
have doubled again by next year. Mr. Mathes 
discussed detailed applications of magnesium 
castings, forgings, extrusions and sheets with 
respect to both aircraft and aircraft engines, 
showing favorable results even when ap- 
plied to aircraft structures, a field heretofore 
little investigated. He suggested that sub 
stantial savings might be effected in cost and 
weight, with some gain in aerodynamic effi- 
ciency, through use of monocoque magne- 
sium sheet structures, such as for fin and 
stabilizer. 


DISCUSSION 


J. L. Atwood, session chairman, inquired 
concerning magnesium pressings and forg- 
ings and was assured by Mr. Mathes that 
such work is now being done, especially 
so in the case of extrusions. Forgings are 
made by the press method, he said, rather 
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than by hammering, and a larger press is 
now being installed. 

Returning to a discussion of | stainless 
steels, Dr. Klein reported that certain tests 
had shown stainless steel to have a corrosion 
resistance lower than that of Alclad under 
some conditions. Mr. Fraser reported that 
3urcau of Standards relative tests showed 
little choice between the two materials as to 
corrosion resistance, the worst condition for 
both being that in which they are placed in 
contact with each other. Under some con 
ditions with the two metals in contact, he 
continued, stainless steel comes off second 
best to Alclad. However, Mr. Fraser re 
ported that he had built a set of stainless 
steel seaplane floats which have been in con 
tinuous service since 1936 with good results, 
whereas a pair of floats built of Alclad and 
24-ST material are reported to have disinte 
grated some time ago. 

Peter Rossmann, Curtiss-Wright Corp., ob 
jected to the difficulty of working stainless 
steel for experimental projects where produc 
tion equipment is not available. However, 
Mr. Fraser opined that work methods al- 
ways develop as the need grows and that the 
material should not be modified to satisfy 
this need. Chairman Atwood inquired if 
stainless steel could not be worked soft and 
then brought to strength through _heat- 
treatment. No specific information on this 
process is available at this time, Mr. Fraser 
said, but it can be done and the process will 
probably be available generally in the near 
future. 

Paul Dutten, Vega Airplane Co., precipi 
tated a lively discussion by asking if stainless 
steel could be extruded. Mr. Fraser said he 
knew of no such process at this time and 
the cost would probably be prohibitive in 
any case. Dr. Klein reported that steel boiler 
tubes were being formed by extrusion; Mr. 
Fraser questioned this statement. 

Chairman Atwood asked about the extent 
which magnesium can be formed by press- 
ing and drawing. Mr. Mathes replied that 
consistent success is being achieved with a 
process employing a rubber blanket and onc 
metal die heated to a temperature of about 
300 F. Magnesium dies, he reported, ar 
quite satisfactory, and the heat should b« 
applied through the die or by means of 
electric heaters, but not by gas torch due to 
danger of concentration. After forming, he 
continued, the material returns to its full 
strength upon cooling. 

Commenting on the greatly increased us« 
of magnesium alloys in this country during 
the past few years, T. P. Wright pointed out 
that we are still far behind Europe in mak 
ing use of this material where it is even 
used for landing gears. He believes that two 
design philosophies are presented in these 
two papers: 1. High-stress thin-skin struc- 
tures. 2. Low-stress thick-skin structures. 
In any case, he feels that the further rapid 
development of magnesium applications to 
aircraft design is of tremendous importance 
to us, offering simpler structures, improved 
aerodynamic surface, and some weight sav 
ing. Mr. Mathes agreed that aerodynamic 
gains can be made through smoother sur- 
faces as we move into the field of laminar- 
flow wings, and ventured the prophecy that 
we may come to an era of cast or forged 
wings or, in any case, of thick-skin wings. 

Referring to the problem of inhibiting 
corrosion, Chairman Atwood asked what 
progress had been made. Mr. Mathes replied 
that this problem was being attacked from 
two angles. Alloys of greater purity, espe- 
cially as to exclusion of iron, he said, were 
less susceptible to corrosion, while surface 
protection had been further improved by 
developing the anodizing process for mag- 
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nesium parts. Getting right down to cases, 
Mr. Atwood wanted an estimate on how 
soon magnesium wing coverings would be 
in service. “Sooner than most people real- 
ize,” was Mr. Mathes’ reply, as 10 to 20 test 
wings are to go into service very shortly 
with magnesium skin coverings. What 1s 
the resistance of magnesium sheet to fire? 
asked Frank P. Cozzone, Lockheed Aircraft 
Corp. About the same as aluminum-alloy 
sheet, replied Mr. Mathes, according to ex 
tensive gun-fire tests that have been made. 


PRODUCTION METHODS 
AND PLANNING SESSION 


H. F. Schwedes, Chairman 


A packed auditorium was present for this 
session, which provided listeners with the 
rich fruit of many years of practical produc 
tion experience. Production lessons gained 
in building yachts and in the automobil 
industry were applied to current aircraft 
building problems with considerable hoy 
that material improvements would result. 


Some Simple Methods of Speeding Up Air- 
plane Production- PAUL G. ZIMMER- 
MANN, Douglas Aircraft Co. 


The airplane is not really a production 
product in the sense that so many manufac 
tured articles are, Mr. Zimmermann con 
tended, since it must be held to laboratory 
limits of weight and dimensions, and b« 
cause so many different parts and assemblies 
are incorporated in its construction that the 
job is more like that of building a large 
printing press. Furthermore, he continued, 
frequent minor changes are incorporated 
even after production is well under way. A 
solution to the problem is found, he pointed 
out, by religiously following a _ five-fold 
process: 1. Developing accurate bills of ma 
terial. 2. Scheduled engineering. procure 
ment, and production (and hold to the 
schedules). 3. Erection lists prepared by 
the engineering department with the help ol 
the shop. 4. Tote pan material distribution. 
5. Fixed station assembly. 6. Bonuses to ke) 
men for intelligent supervision. 

Perhaps the two key points, he explained, 
are use of the tote pan for actually assem 
bling all small parts for any given assembly, 
or station operation, prior to starting a pro 
duction run; and adherence to completion of 
all station operations before the part is 
moved to the following assembly station tor 
further work. 


DISCUSSION 


The chairman, H. F. Schwedes, expressed 
his belief that much depended on how the 
erection lists were developed. This is done 
jointly by engineering and the shop men 
after deciding from a study of working 
drawings just how assemblies are to be 
made, replied Mr. Zimmermann. Willis M. 
Crumrine, Lockheed Aircraft Corp., asked 
how the erection list is completed before the 
sample plane is built. Mr. Zimmermann 
replied that the sample plane must first be 
available for inspection and inventory. Roy 
Conklin, Lockheed Aircraft Corp., wanted 
to know if some simple method could be 
devised for showing shop loading in order 
to aid purchasing. This is not a simple 
problem at all, reported Mr. Zimmermann, 
but one that requires a great deal of study 
and effort to develop satisfactory loading 
charts. 

R. H. Boden, Lockheed Aircraft Corp., 
asked where the tool designers fitted into 
Mr. Zimmermann’s system. Mr. Zimmer- 
mann replied that, even in building the ex- 








perimental plane, the shop and engineering 
departments worked closely together, thus 
simplifying development of practical tool 
equipment. When is production type tooling 
developed? inquired F. C. Hoffman, Lock- 
heed Aircraft Corp. Either at the time the 
experimental plane is built, said Mr. Zim- 
mermann, and then scrapped completely for 
new tooling when the plane is placed in 
production, or else after completion of the 
experimental plane, in which case the tool- 
ing is usually available about the time the 
last plane leaves the production line. 


Engineering Considerations in Aircraft De- 
sign To Permit Application of Automobile 
Mass-Production Methods — DON R. BER- 
LIN and PETER F. ROSSMANN, Curtiss- 
Wright Corp. 


Unfortunately for the reader, much of the 
value of Mr. Rossmann’s presentation was 
in the slides shown. These showed graph- 
ically what production methods had been 
adapted from the automotive industry by 
Curtiss-Wright for speeding aircraft produc- 
tion. Some general points that were made 
by Mr. Rossmann to serve as a guide in 
developing more efficient production methods 
follow: 

1. Provide the engineer with more latitude 
in design. 2. Give more attention to inspec- 
tion as a production process. 3. Provide 
better cost analysis and cost regulation. 
4. Develop more exact production control. 

For improving production tooling the fol- 


normal large automotive plant volume. 
However, he added, we can learn much 
from the automobile industry and shou!d 
certainly apply all possible lessons. Esp 

cially, he emphasized, when we are up 
against possible enemies who are very efh- 
cient in the development and application of 
production methods. Introducing Peter F. 
Rossmann, who presented the Berlin-Ross- 
mann paper, Mr. Wright referred to his long 
experience with Chrysler and Packard and 
the fact that he had been brought to Curtiss- 
Wright by; Don Berlin specifically to study 
possible applications of automotive produc- 
tion methods, with which he was quite 
familiar, to aircraft production problems. 

A. A. Mathewson, Lockheed Aircraft 
Corp., asked what specific production sug- 
gestions could be offered for general applica- 
tion. Further elimination of hand work, 
replied Mr. Rossmann, and provision of me- 
chanical material-handling equipment. 

Mr. Wright asked for comment on the 
shop loading problem. Mr. Rossmann re- 
plied that information must be developed on 
the definite number of man-hours available 
in every department. Chairman Schwedes 
commented on the need for hand burring, 
but Mr. Rossmann opined that burring could 
be materially reduced without sacrificing 
anything vital. He pointed out that a total 
of about 106 man-hours per car was the rule 
in the automobile industry, compared with 
about 8000 man-hours required to manufac- 
ture the average pursuit airplane. Sub-con- 
tracting must be limited, he contended, to 
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lowing points were emphasized: A. Properly 
planned operation sequences. B. Simple 
fool-proof jig-and-fixture design. C. Gaging 
and locating points common to mating parts. 
D. Non-fatiguing work heights and _posi- 
tions. E. Reasonable application of time and 
motion studies. F. Provision of adequate 
inspection tools. 


DISCUSSION 


In a preliminary discussion prior to pres- 
entation of the paper, T. P. Wright pointed 
out especially that aircraft production 
could never, even in the case of military 
emergency measures, be compared with auto- 
mobile production. This is chiefly due, he 
said, to the fact that there are about 40 
different types of planes required by military 
tactics. Even reducing this to 20 different 
models still leaves little chance of building 
more than 10 to 20 planes per day of any 
given model, which is only about 1% of the 


those firms who can satisfactorily meet tol- 
crances. Machine parts, he believes, are most 
satisfactory sub-contracting work.  Inter- 
changeability, he emphasized, is an inflex- 
ible rule that must be adhered to in all 
aircraft production. Mr. Rossmann reported 
that a large automobile manufacturer now 
building a plant for manufacture of aircraft 
is using accepted aircraft production methods 
100% at the start and will not attempt to 
inject any automobile production methods 
until later. W. F. Snelling, North American 
Aviation, Inc., inquired if possibilities of 
production cost savings offset possible deliv- 
ery delays in working out a new production 
method or machine. Mr. Rossmann replied 
that this must be determined by accurate cost 
estimates. No reliable information is avail- 
able on spotwelding costs, he _ reported. 
Brazier-head rivets cost about 2¢ each to 
drive, he said; flush rivets about 30% more. 
Multiple riveting by machine can be done 
for less than 1¢ per rivet, he concluded. 
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AIRCRAFT-ENGINE SESSIONS 
Mac Short and A. L. Klein, Chairmen 


During these two sessions progress on the 
CFR vapor-lock project was brought up to 
date, and a particularly ingenious solution 
was presented for much of the trouble for 
merly experienced with aircraft-engine igni 
tion harnesses. 

Brought together in the second session were 
three different subjects, all bearing vitally on 
further increases in aircraft performance 
engine reduction gears and torque meters; 
aircraft engine and cabin superchargers and 
supercharger controls; and problems of alt 
tude conditioning of aircraft. Gearing has 
grown more important with increased pet 
formance in a number of ways. Reduction 
gearing is essential to produce high en 
vine speeds together with efficient propeller 
speeds. Torque meters are beginning to give 
much needed information on actual power 
delivered to the propeller. And further ex 
tension of altitude performance is making 
two-speed propeller drive necessary, just as 
two-speed supercharger drives are coming 
under development. Attention to supercharg 
ing, of course, grows more important with 
every flight of a commercial stratosphere 
plane, or with every air raid at altitudes of 
30,000 ft or more. 


Report of CFR Committee on Aviation 
Vapor-Lock Investigation —- O. C. BRIDGE- 
MAN, Director of the CFR Aviation 
Vapor-Lock Project 


Progress being made by this investigation 
is indicated by the fact brought out by Dr. 
Bridgeman that 33 reports have been sub 
mitted during the past year. His presenta 
tion summarized these reports. Four meth 
ods of vapor-lock control were treated: 1. By 
controlling fuel characteristics. 2. By fuel 
tank supercharging. 3. By fuel cooling. 
4. By compromise methods. Dr. Bridgeman 
considered Method 1 least promising since 
most considerations point to fuel of higher 
vapor pressure, rather than otherwise. Method 
2. he said, has merited serious consideration 
and further study, and Method 3 has many 
advantages. Method 4, he explained, con 
sists of a local and temporary expedient in 
the case of any given aircraft design but it 
dloes not present a fundamental solution fot 
the problem. Further studies are being con 
tinued and progress is being made, he r 
ported. 


DISCUSSION 


Dr. Klein asked whether the work of this 
committee could be extended to cover Jubri 
cants. Dr. Bridgeman indicated that lis 
authority had already been stretched some 
what in undertaking studies of hydrauli 
fluid flow problems and it would not lb 
possible to consider lubricants as well. O. F. 
Zahn, Jr., consulting engineer, asked if some 
vapor locking wasn’t really air-lock trouble. 
In reply Dr. Bridgeman reported that ai 
locking has practically been eliminated and 
can only result from very poor design. 

How much vapor is formed at 7 lb vapor 
pressure? asked David S. Hooker, Vulte« 
Aircraft. We know how much can bi 
formed, said Dr. Bridgeman, but how much 
actually is formed under such conditions 1s 
pure guess-work. John Lee, Pratt & Whitney, 
suggested that flexible hose be used through 
out and asked what data were available. Dr. 
Bridgeman thinks this an excellent sugges 
tion; had no specific data, but believes there 
would be no difference from metal tube 
other than for the coefficient of friction of 
the wall material. 
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Chairman Short inquired as to the amount 
of vapor lost on long-range operations, but 
Dr. Bridgeman could not give quantitative 
figures. Albert G. Bodine, North American 
Aviation, Inc., suggested that British planes 
are being flown on liquid methane gas main- 
tained at 275 F below zero. Dr. Bridgeman 
had not heard of this and commented that 
tank weight would be quite an item unless 
the temperature were controlled very accu- 
rately. Mr. Bodine replied that accurate 
temperature control was maintained by 
drawing off vapor, compressing it to liquid 
form, passing it through a cooler, and re- 
turning; it to the tank. 

What pressure drop results from the use 
of short-radius fittings? inquired James B. 
Edwards, Douglas Aircraft Co. Dr. Bridge- 
man replied that it was very great. Dick 
Cooper, Air Supply Co., asked for recom- 
mendations on compromise systems, but Dr. 
Bridgeman reported that each such system 
was designed to meet a different set of speci- 
fications and so they could not be compared. 
John E. Lindberg, Jr., Pan American Air- 
ways, reported very little vapor loss in oper- 
ating their Boeing Clippers. This was due, 
said Dr. Bridgeman, to the fact that opera- 
tions were conducted at moderate tempera- 
tures and at relatively low altitudes of under 
10,000 ft. A vapor loss of about 1% at 
88 F and 10,000-ft altitude would become 
12% at 120 F, he explained. 


Supercharged Aircraft Ignition Harnesses — 
CARL E. SWANSON, Northwest Airlines, 


Inc. 


Supercharged aircraft ignition harnesses 
have been introduced recently into commer- 
cial aviation as a means of preventing the 
entrance, formation, and accumulation of 
impurities within the shielded distribution 
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systems universally employed on airplanes 
using high sensitivity radio receivers, Mr. 
Swanson explained. His presentation covered 
the operation and performance of the super- 
charged harness. Introductory to this mate 
rial, and in the interest of a better under- 
standing thereof, he reviewed the funda- 
mental character of the troubles experienced 
with ignition distribution. He included a 
description of the chemical nature of the 
problem and a mathematical analysis of cer- 
tain electrical stresses within the system 
which are related to the formation of corona. 

In a discussion of various other designs of 
harnesses which have been set forth in an 
effort to eliminate the ignition distribution 
problem, he pointed out wherein each has 
its weaknesses. 

In support of the contention that the 
supercharged harness makes possible com- 
plete relief from the troubles associated with 
harness contamination, Mr. Swanson cited a 
perfect service record of 5,000,000 engine 
miles. 

From a practical standpoint it is hopeless, 
because of the many joints involved, to try 
to make an ignition harness air, water, and 
vapor-tight, he believes. When the harness 
is supercharged, he indicated that a leakage 
of 3 to 5 cu ft per hr is desirable. This rate 
of leakage, he explained, produces a com- 
plete change of harness air every 30 to 40 
sec. At present the harness must be shielded 
from the magneto, which has too high a 
rate of leakage, he said, but eventually it is 
desirable that the magneto be pressurized 
also. Operating results, he reported, show 
40,000 engine hours without shielding con- 
tamination, and extension of spark-plug 
change allowance by the CAA from 60 to 
75 hr with a 150-hr period now being re 
quested on the basis of performance. 
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DISCUSSION 


Prepared discussion of the Swanson paper 
was presented by E. K. Von Mertens, Pratt 
& Whitney Aircraft. Praising Mr. Swanson’s 
work, Mr. Von Mertens nevertheless pointed 
out that Pratt & Whitney was not adopting 
the supercharged ignition harness for four 
reasons: 1. P&W has developed a much im- 
proved ignition system of its own. 2. Super- 
charging brings added weight and complex 
ity. 3. Supercharging the harness does not 
meet the mechanical objection of preventing 
cable chafing. 4. Supercharged harnesses do 
not solve the basic problem of heat resis 
tance, especially after the plane comes to 
rest and air flow through the pressurized 
harness stops. 

He described the new Pratt & Whitney 
ignition system. 

Representing an entirely new approach to 
the solution of aircraft-engine ignition prob- 
lems, he said that it considers the entire 
ignition system as a single unit and makes 
some radical changes over previous practice. 

In reply, Mr. Swanson stated that chafing 
can be prevented on the supercharged har- 
ness as well as on any other. Since the mag- 
netos should be supercharged anyway, he 
feels that addition of the harness is an easy 
step. John Lindberg, Pan American Air- 
ways, told how they solved the same problem 
in a different way by encasing the spark-plug 
terminals in Fostoria 47 compound to ex 
clude all air and moisture. Mr. Swanson 
agreed that this treatment would help, but 
pointed out that ozone and nitrous oxide are 
both formed right in the harness itself. He 
believes that the weight of supercharging 
equipment can be kept to only 3 or 4 lb per 
engine. 

A suggestion that the air pumps be built 
right into the magnetos was offered by 








Willson H. Hunter, Goodrich Tire & Rubber 
Co. Both Scintilla and Bosch are considering 
this development, replied Mr. Swanson. 
Scott Rethorst, Vultee Aircraft, Inc., sug- 
gested using an inert gas in the harness, 
using a small flask to maintain the supply. 
Mr. Swanson stated his belief that this 
method would not be feasible to maintain 
adequate pressure throughout the normal 
trip. 


Aircraft-Engine Reduction Gears and 
Torque Meters—ROLAND CHILTON, 
Wright Aeronautical Corp. 


In simple spur planetary reduction gears, 
ratios near 2:1 give relatively small planet 
pinion diameters and permit the use of an un- 
usually large number of pinions, Mr. Chilton 
pointed out. The Wright 20-pinion gears, 
now developed to 2000 hp, were described 
by Mr. Chilton to illustrate the advantages 
of the multi-pinion design. He showed that 
multi-pinion gears are compact and relatively 
light in weight, and that their mechanical 
efficiency is high, 99.1%. He listed some of 
the indicated future requirements for pro- 
peller drive as: a. Increased reduction ratios 
over a wide range. b. Compound reduction 
gears interchangeable for change of speed 
without change of gear housing. c. Provi- 
sion of two-speed gears. d. Reverse rotating 
coaxial propellers. e. Alternate right and 
left-hand propeller rotation. f. Remote drives 
permitting buried engines. g. Torque 
meters. A description of a successful torque 
meter concluded his presentation. 


DISCUSSION 


Dr. Klein wanted to know if the surface- 
contact type of worm gear has been consid- 
ered for angle drives. Mr. Chilton replied 
that it has been tried by himself with very 
poor results. 


Altitude Conditioning of Aircraft Cabins — 
JAMES B. COOPER, Boeing Airplane Co. 


Human physiology and the inability of 
the human being to remain long at high 
altitudes without artificial provision of oxy- 
gen or pressure, or both, were emphasized 
by Mr. Cooper. He reported experience with 
the Boeing Stratoliners now in regular com- 
mercial service. Ventilation standards, he 
said, have permitted bleeding a minimum of 
cabin air and recirculating a considerable 
portion of the pressurized air. Rate of pres- 
sure change, he announced, has been found 
of considerable importance. Even at low 
altitudes where pressurizing is not essential 
to flight comfort, he revealed that passenger 
comfort is increased if pressurizing is used 
to reduce the rate of change in air pressure 
while climbing or descending. He described 
the Boeing Stratoliner pressurizing system, 
and the test equipment with which it was 
developed. He showed storm distribution 
geographically and by normal maximum 
altitudes. 


DISCUSSION 


Storm frequencies vary widely with sum- 
mer and winter weather in different parts 
of the country, suggested Dr. Klein. Mr. 
Cooper responded that this is true, but that 
certain parts of the country are nevertheless 
more subject to storms than are others. Dr. 
Klein then expressed his belief that the pres- 
ent 20,000-ft operating level of the Strato- 
liners would not clear the storm areas, 
which may go to 30,000 or 40,000-ft alti- 
tude. Mr. Cooper conceded that we lack full 
information on upper air weather. 





Problems Relating to Control of Flow in 
Superchargers — NATE PRICE, Lockheed 
Aircraft Corp. 


Mr. Price discussed in detail the failings 
of our present type of mechanically driven 
aircraft-engine centrifugal superchargers and 
pointed out how much research and design 
development is needed. At present, he said, 
we choke the supercharger on the take-off 
because we cannot use all of its output, 
thereby losing quite a bit of power in heat, 
some of which gocs into the intake gases 
causing further power loss. He suggested a 
better supercharger drive, such as an in- 
finitely variable electrical drive, but did not 
recommend it due to weight and bulk. A 
supercharger control valve was described in 
detail by Mr. Price and its application to 
control of cabin supercharging outlined. He 
suggested detailed design improvements for 
the centrifugal-type supercharger and dis- 
cussed the axial blower. 


DISCUSSION 


Dr. Klein inquired whether the intake tan 
was more effective than the inlet scroll. 
“Yes, very much so,” replied Mr. Price, as 
the air never wants to go the same way as 
the twist of the scroll and gets all mixed up, 
resulting in appreciable inefficiency. Bruce 
E. Del Mar, Douglas Aircraft Co., requested 
data on the equipment illustrated during 
presentation of the paper, but Mr. Price 
reported that it is still under test at this time. 
Mr. Chilton agreed that the double-shrouded 
impeller should be more efficient, and asked 
who builds it. Dr. Klein suggested The 
Junkers Co., of Germany. 

B. L. Messinger, Lockheed Aircraft Corp., 
inquired regarding blower inlet effect. Up- 
ward of 50% of pressure rise takes plac 
within the blower itself, depending on pro- 
portion of inlet to blower, reported Mr. 
Price. 





What consideration prompted choice of 
pneumatic and hydraulic controls on the 
supercharger control? inquired H. A. Camp- 
bell, Solar Aircraft Co., when good electric 
controls are available. Mr. Price replied that, 
by keeping to the same mediums already 
used in the aircraft control system, he had 
simplified the installation. Mr. Campbell 
also wondered about the service life of the 
control shown. Mr. Price believes it would 
be indefinite. Dr. W. B. Klemperer, Douglas 
Aircraft Co., asked how low the pressure 
rise through the blower could be kept, but 
Mr. Price did not know the answer. How 
is surge and vibration damped out of the 
cabin pressurizing control? asked Dr. Klein 
This damping depends entirely on a carefu 
proportioning of parts, Mr. Price replied. 


“OFF-THE-RECORD" SESSION 
Robert Insley, Chairman 


lt Can Happen Here—ARTHUR NUTT, 
Wright Aeronautical Corp. 


Experiences of the SAE President in 
France and during the bombing of Paris 
were described vividly by Mr. Nutt. 

At the conclusion of his talk, the mecting 
was thrown open for discussion. T. P 
Wright spoke briefly, reporting that Ger 
many still has a big production advantag: 
over England, but that the pilot loss ratio 
may be more favorable to England and that 
this may be the determining factor. Guy 
Ball, Irving Air Chute Co., inquired about 
German progress with diesel engines. Ger 
many has dropped the diesel almost com 
pletely, replied Mr. Nutt, partially due to 
their inability to compete with supercharged 
engines at high altitudes. Asked about fuel 
injection, Mr. Nutt replied that the Germans 
are using fuel injection extensively, probabl: 
in preparation for lower-grade fuels to be 


used in the future. In reply to another que 





A group of leading aeronautical engineers gathered informally to discuss aircraft standards 
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Standardization Session 





tion, he reported that French mechanics did 
a good job of maintaining American engines. 
He also believes that the Germans have 
plenty of fuel and raw materials, with the 
possible exception of chromium and _ nickel. 
He reported the German workmanship to bx 
excellent in every respect. 


STANDARDIZATION SESSION 
Hall L. Hibbard, Chairman 


This concluding session was probably the 
most important of all from a_ production 
standpoint. It was emphasized that nothing 
is quite so vital to successful large-scale pro- 
duction as thorough standardization of types, 
methods, materials, and all accessories and 
component parts where possible. SAE Presi- 
dent Arthur Nutt made a general plea for 
cooperation among all groups in backing the 
SAE aircraft standards work and outlined 
the procedure to be followed. Standardiza 
tion from the design standpoint was _ pre 
sented in a second paper. And standardiza 
tion applied to detail production problems 
was presented in the final paper. 


The Standardization Problem in the Aircraft 
Industry - ARTHUR NUTT, Wright Aero- 


nautical Corp. 


Faced with alternate periods of ‘feast and 
famine,” rapid technical changes, the neces 
sity for extensive development work, and 
relatively small production, the aircraft in 
dustry in the past had insufficient pressure to 
make everyone realize the importance of 
standardization from a production stand 
point, Mr. Nutt stated. The realization of 
the vital need for standardization, therefore, 
has dawned very suddenly upon the indus- 
try, he added. 

Many companies, he said, are just begin 
ning to do a real standardization job within 
their own organizations. The industry as a 
whole has entered the phase of group stand- 
ards developed by associations and Govern- 
ment bureaus, and complete cooperation of 
the industry and the customer is needed. He 
averred that neither Government agencies 
nor industry can ever expect to reach satis 
factory standards alone. It is most important 
to remember, he declared, that no standard 
is a real standard unless it is accepted and 
used by the majority in industry and by the 
consumer. 

Standardization on a National scale, he 
added, will follow on many items which are 
common to aircraft and other industries. In- 
ternational aircraft standardization, he said, 
will not make much progress until the un- 
settled conditions in the world come to an 
end or at least slow down. 

Standardization work in the industry, Mr. 
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Nutt declared, should be and can be donc 
only by engineers familiar with the prob- 
lems. 

Maximum military strength of a nation 
and maximum production from any organi- 
zation, Mr. Nutt pointed out, can only be 
obtained when the least number of man- 
hours is expended to make a_ particular 
product. Standardization will assist in reach- 
ing that goal, he concluded. 


Standardization Applied to Aircraft De- 
sign-J. T. THOMPSON, The Glenn L. 
Martin Co. 


“Judicious standardization applied to air- 
craft design on a large-scale cooperative basis 
will form one method by which the mass 
production of airplanes may be expedited. 
. . . It will tend both to improve the science 
of aircraft design and remove the airplane 
from the experimental status,””’ Mr. Thomp- 
son stated. 

Standardization, he feels, should begin 
with the training of new men being taken 
into the expanded aircraft production effort. 
Bulletins and manuals should be standard- 
ized in any factory, and throughout the 
industry as much as possible. Methods of 
drafting should be standardized and a com- 
mon drafting-room manual adhered to. Mr. 
Thompson urged the use of standard and 
semi-standard parts wherever practical, and 
declared that standards departments must be 
on the alert to standardize frequently used 
parts. Stress-analysis and weight depart- 
ments, he added, should, in so far as prac- 
tical, develop and adhere to a standardized 
series of values, formulas, forms, and meth- 
ods of procedure in their respective lines of 
calculation. 

Mr. Thompson referred to the Extrusion 
Die Pool, and stated that its expansion will 
further standardize structural parts. Tooling 
should be standardized as much as possible. 
A system of classifying and indexing stand- 
ardized methods is important if they are to 
be used advantageously, he declared. 

The necessity of cooperation within the 
plant, within the industry, and between the 
industry and military services to reap full 
advantage of the benefits of standardization, 
was stressed. 

International standardization of aircraft 
parts is a much desired objective, Mr. 
Thompson stated, particularly in the case of 
foreign export aircraft and accessory manu- 
facturers. Progress was being made in this 
direction before the outbreak of the present 
war which has caused a temporary cessation 
of this work. He commented that the main 
difficulty in this regard is that most Euro- 
pean and South American countries use the 
metric system. 
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Standardization of Aircraft-Engine Com- 
ponents— GUSTAF CARVELLI, Wright 
Aeronautical Corp. 


Standardization of engine components 
should start in the drafting room with use 
of a system of sample drawings, Mr. Carvelli 
contended. Dimensioning of parts should be 
simplified through use of a two-place deci- 
mal system, he said. He emphasized the 
importance of standardization of notes, 
clearances, tolerances, and other data listed 
on drawings. Threaded parts, gear tooth 
form, and many such items can and should 
be standardized, he specified. Serious con- 
sideration should be given to adoption of 
the metric system, Mr. Carvelli believes. The 
Army-Navy (AN) Standards were devel- 
oped primarily for airplanes and often do 
not apply to aircraft engines, he pointed out. 
A new set of standards must be developed 
for parts used on engines only, he declared. 


DISCUSSION BY T. P. WRIGHT 


Chairman Hibbard asked for comments 
from T. P. Wright, chairman of the new 
SAE Aeronautical Standards Board for Na- 
tional Defense. In response, Mr. Wright 
gave an-unusually clear and interesting out- 
line of the problems of aircraft standardiza- 
tion and the way in which the ‘SAE has 
organized to help in the solution of those 
problems. Mr. Wright said: 

“The subject of .standardization warrants 
the importance which it has received in hav- 
ing one of the sessions of this National Air- 
craft Production Meeting devoted to this 
topic. We have just heard three very excel- 
lent papers presented by members of the 
Society. John T. Thompson has described 
the application of standardization to aircraft 
design, giving us the organizational details 
involved in suitably preparing for standard- 
ization work in a company devoted to the 
design and production of airplanes. He has 
touched briefly on the relationships which 
must maintain between an airplane company 
and others in the industry and the govern- 
ment, in order that effective standardization 
may result. 

“Mr. Carvelli has described details of 
standardization as applied to parts of aircraft 
engines. I think we can all appreciate the 
complexity of the problem and the ramifica- 
tions involved after having viewed the sev- 
eral slides which he showed and heard his 
discussion of them. 

“Finally, your President, Arthur Nutt, has 
discussed the problem of standardization in 
the whole industry and has brought out in 
more detail the organization throughout the 
country which is necessary to make the work 
effective. He has described the set-up which 
the Society of Automotive Engineers has 
organized under its National Defense Com- 
mittee. This organization is known as the 
SAE Aeronautical Standards Board for Na 
tional Defense and, as its General Chairman, 
I feel it is in order for me to discuss certain 
aspects of this Board. 

“The papers you have heard have dealt 
with the problem adequately so that my 
comments will be more in the nature of 
emphasis. First, however, I would like to 
discuss the general prob!em of standardiza- 
tion, starting with what I have termed its 
‘Philosophy.’ 


Philosophy 


“Standardization work will benefit all 
branches of the aircraft industry in many 
ways but, specifically, five may be men- 
tioned. It will: (1) facilitate engineering; 
(2) facilitate testing; (3) improve mainte- 
nance; (4) improve ease of operation; and 








(5) increase production. Even in a rela- 
tively small industry, there will be large- 
scale production of standardized items. 

“Having enumerated the certain advan- 
tages, it is also necessary to warn of certain 
dangers. Chief of these is the possibility of 
freezing a design or a component of design 
too early. In our enthusiasm for aiding pro- 
duction by standardizing, we must not stifle 
advancement. In order to assure ourselves 
of nothing but desirable results, it is neces- 
sary to exercise a very rare balance of judg- 
ment and to apply well-rounded experience. 
A knowledge of what has happened in the 
past and of resultant present procedure and 
trends, together with a vision of the future, 
are all qualities necessary for successful 
standardization. 


Definitions 


“Let us now consider what is included 
within the term ‘standardization.’ Usually, 
perhaps, we are inclined to restrict our in- 
terpretation of the term to the standardiza- 
tion of parts or, as we sometimes say, ‘hard- 
ware.’ This, it is true, is a very fruitful 
method of improving production and is cer- 
tainly essential. By ‘parts,’ in this sense, we 
mean such items as bolts, nuts, rivets, and 
materials. However, this is far from being 
the only type of standardization which 
should be included in the scope of our 
activities. 

“A most important second item is dimen- 
sions. Dimensions may be standardized in 
order to facilitate assembly, maintenance and 
interchangeability. Under this heading a few 
examples are: threads, wheel sizes, instru- 
ment and equipment mountings, and, pos- 
sibly later on, engine installations. With 
dimensions standardized, it is then possible 
to use actual parts supplied by several man- 
ufacturers, thus éncouraging development of 
different types of equipment which, how- 
ever, will all fit because of mounting stand- 
ardization. 

“Another classification is arrangement. 
This is of benefit to the user or customer, 
and includes such items as arrangement of 
controls, of instruments on the instrument 
board, and of sense of motion. By this latter 
is meant that certain items, such as pumps 
or valves, will always be operated in the 
same sense of direction, regardless of the 
make or type of pump or valve involved. A 
classic example of this principle is the ar- 
rangement of the gear shift in the present 
day automobile which, you will recall, a 
number of years ago did not have the pres- 
ent standardized arrangement wherein low 
speed position is toward the driver. I re- 
member that at least one make of car in 
about 1912 or 1913 had the low speed 
position away from the driver. This is ex- 
tremely important, particularly in the matter 
of training where sense of motion of con- 
trols on training planes and, later, on service 
equipment must be the same. 

“Next we may include methods, the stand- 
ardization of which is aimed particularly at 
assisting engineering and research. A few 
examples are method of flight testing, in- 
spection, recording of weights, and in de- 
ciding upon a type of power to actuate cer- 
tain devices, as for example, the decision 
between electric and hydraulic. Then, too, 
there is the matter of standardizing different 
types of electric current, and including volt- 
age, frequency and phase of the current to 
be made available by the electric source. 

“Tt will be seen, therefore, that there are 
quite a number of classifications in which 
investigation in connection with standardiza- 
tion is required. 


Agency 


“Mr. Nutt has advised as to the general 
set-up of the SAE Aeronautical Standards 
Board. I would like to discuss this a little 
further, attempting to bring out particularly 
the reasons why I feel that the Society of 
Automotive Engineers is eminently satisfac- 
tory for doing this job. Five reasons occur 
to me as follows: 

“First, it is an impartial agency and may 
therefore be expected to function satisfac- 
torily in coordinating the efforts of other 
existing standardization groups, such as those 
developed by the industry or by the several 
branches of the Government. 

“SECOND, the experience of the Society of 
Automotive Engineers in this type of work 
is very extensive. Throughout 35 years it 
has developed standards for the automotive 
industry with great success. I believe you 
will find that everyone in that industry is 
unstinting in praise of the standardization 
work of the SAE in the automobile field. 

“Tuirp, there is the matter of existing 
facilities for carrying through this work im- 
mediately and effectively. These facilities 
have been developed not only by virtue of 
experience in the automobile industry, but 
also by the work being carried out for the 
Ordnance Department and the Quartermaster 
Corps of the Army, and by the aircraft- 
engine standardization work which has re- 
sulted in the issuance of engine material 
specifications now recognized by all as stand- 
ard for the aircraft-engine industry in this 
country. 

The SAE has also previously done 
some work in the airplane field. It is only 
by the advent of large quantity production 
of the past six months, or perhaps a year, 
that it has been practicable extensively to 
standardize in the airplane industry. The 
facilities developed by the SAE include not 
only personnel familiar with the general task 
but also means for disseminating standards 
and specifications once they are established. 

“FourtH, I think it is worth mention that 
an engineering society is the proper type of 
organization to do this job. It seems to me 
that it is essentially a task for engineers who 
must use and apply standards by the very 
nature of their positions. This does not 
mean that any engineer worthy of the name 
does not appreciate the need of obtaining 
and applying knowledge of factory men and 
others before finally deciding on a standard. 
It does imply, however, that essentially, the 
final judgment must rest with engineers and 
as the SAE is composed of engineers, it 
appears to be the ideal agency for carrying 
out the work. Furthermore, it may be ex- 
pected that there will be no bias of com- 
mercialism involved when this Society han- 
dles the job of coordinating the many 
suggestions regarding standardization which 
may emanate from manufacturing com- 
panies. I understand that the automobile 
industry has emphasized the importance of 
this factor. Accompanying this, however, is 
the appreciation of production problems 
which exists in the Society when judging 
standards suggested by Government agencies. 

“Firtu, and finally, there is the fact that 
after careful consideration, the National De- 
fense Advisory Commission and the Army 
and Navy Air Services were favorably in- 
clined towards your Society heading up this 
job and have as a result appointed represen- 
tatives officially to act on the Board. 


Outline of Organization 


“Formulation of standards is one of co- 
operation and coordination of groups now 
developing standards on a less extensive 
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scale. It is the intention of the SAE Aero 
nautical Standards Board for National De- 
fense to lean heavily on the work being 
done by these other agencies. The accom- 
panying very simplified chart illustrates the 
set-up. Several functions, including initia- 
tion, development, coordination, approval 
and dissemination of information are in- 
volved in the process of formulating a stand- 
ard and each group on the chart illustrated 
has certain primary and secondary functions 
to perform: 

“First, there is the function of initiation. 
It is anticipated that standards will be sug 
gested or initiated by the technical experts 
grouped in small committees under the 
Technical Divisions. The men on these com 
mittees have been selected by virtue of their 
expert knowledge of a given subject (and 
not necessarily chosen because of high posi 
tion in a given company). In addition to 
initiation of standards through these com- 
mittees composed of technical experts, there 
will also be a very extensive amount of 
work initiated (as well as developed) by 
the Eastern and Western Aircraft Manufac- 
turers Standards Committees and the SAE 
Aircraft-Engine Standards Committee. We 
thus have a very comprehensive basis for 
initiating standards from specialists, tech- 
nicians, and existing standards groups. 

“After initiating a standard and deciding 
that the subject suggested is suitable for fur- 
ther consideration, there is necessary the 
work of development. As a comprchensive 
base with complete company representation 
is Necessary, it may be anticipated that a 
preponderance of the development work will 
be carried out by the existing standards 
agencies. In specialized fields, however, the 
experts in the Technical Divisions complete 
the work of development of standards which 
they have initiated. 

“Next, there is the function of coordina 
tion, both between experts and the industry 
through the — standardization committees 
(mentioned above); and between the indus- 
try and the Government. This latter co- 
ordination, through the preliminary stages 
of development will be handled by the 
standardization agencies, such as the East 
and West Coast Manufacturers Committees, 
in conjunction with Army and Navy repre- 
sentatives; then the final coordination be- 
tween the one branch of the industry that 
developed the standard with other branches 
of the industry and with the government 
agencies, will be in the Board itself. For a 
standard really to be effective, it needs wide- 
spread coordination both with the constructor 
and the user. This function, therefore, is of 
extreme importance and is one which the 
set-up of this group makes readily possible. 

“Next, there is the function of approval 
which is a function of the Board itself. As 
this Board includes representatives of the 
industry, the Army, the Navy, the CAA and 
the Aeronautical Chamber of Commerce, it 
is obvious that it includes all groups in- 
volved in aircraft standardization and auto- 
matically, its approval will create a U. S.- 
wide standard. 

“Finally, we have the function of dis- 
semination. In a rapidly growing industry 
it is necessary that once a standard is ap 
proved, a drawing or specification describing 
it shall immediately be printed and made 
available for everyone who may have a use 
for it. This includes the engineering de- 
partments, shop departments and purchasing 
departments in the industry, as well as the 
several divisions of the Government that 
are involved. The SAE staff is experienced 
and in a position to do this work. 


SAE Journal, Vol. 47, No. 6 











SAE AERONAUTICAL STANDARDS BOARD FOR NATIONAL DEFENSE 
Representatives from Government - 
Arny 
the Industry - 
Aero Chamber and Manufacturers, 
and the Society of Automotive Engineers 


- Navy - CAA —- NDAC 































































































APPROVAL -~ COORDINATION WITH GOVERNMENT - DISSEMINATION 
SAE AIRCRAFT EASTERN & WESTERN 
ENGINE STANDARDS Menufecturers’ MFRS. STANDARDS 
COMMITTEE DEVELOPMENT - INITIATION - COMMITTEES 
Technical | Divisions 
| | INITTATION DEVELOPMENT | m 
LL 
POWERPLANT 
POWERPLANT INSTALLATION | | EQUIPMENT DESIGN METHODS MATERIALS & PROCESSES ATRFRAMES 
Engines Power Units || Radio Weight Control Powerplent Parts 
Propellers Mounting Instrument Structure Airframe Material Sizes 
Accessories Radiators Auxiliery Aerodynamics Wheels & Brakes 
Powerplant Flight Test Electrical 
Tires & Tubes 
The Need 


“I trust that the above brief discussion 
has made clear the need for coordinating 
the work of existing standards groups to the 
end of promulgation of Nationwide stand- 
ards with the tremendous resultant benefits 
which I first mentioned. The whole objec- 
tive of standardization is to facilitate the 
development and production of mechanical 
equipment and devices on which modern 
warfare so largely depends. Aircraft is a 
most important one of these. 

“The efficient development of standardiza- 


National Roster Started 


HE membership of the Society of Auto- 

motive Engineers will shortly receive a 
general questionnaire and technical check list 
from the National Roster of Scientific and 
Specialized Personnel in Washington, D. C. 
The purpose of this survey is to establish 
a central register of persons professionally 
competent in the field of automotive engi- 
neering so that information as to the special 
skills and present activities of these indi- 
viduals may be readily available for con- 
sideration in connection with the national 
preparedness program. 

The National Roster of Scientific and Spe- 
cialized Personnel is being jointly adminis- 
tered by the National Resources Planning 
Board of the Executive Office of the Presi- 
dent and the United States Civil Service 
Commission. Dr. Leonard Carmichael, presi- 
dent of Tufts College, has been designated 
as director and James C. O’Brien, an execu- 
tive of the Civil Service Commission, as 
executive officer of the Roster. 

Cooperating with the Roster and the joint 
administrative agencies are the National Re- 
search Council, the Social Science Research 
Council, the American Council on Education 
and the American Council of Learned So: 
cieties. These groups and their component 
societies will serve the Roster in a scientific 
and technical consultative capacity. Such 
assistance has already been rendered in con- 


December, 1940 


tion to an extent far greater than has main- 
tained in the past is necessary and I believe 
attainable by the method described. 

“We must,” said Mr. Wright in conclu- 
sion, “find ways of achieving totalitarian 
efficiency while maintaining our Democratic 
form of government.” 





Glenn M. Aron, Northrop Aircraft, Inc., 
suggested that the production pressure on 
aircraft engineers could be eased by turning 
over all possible small and sub-standard 
parts to outside groups for design and manu- 


For Automotive Engineers 


nection with the preparation of technical 
check lists of fields of scientific specialization 
for each profession. Such a list is now being 
prepared for the field of automotive engi- 
neering and will be sent along with the 
general questionnaire to the members. 

In these days of extensive mechanization 
of military forces the importance of auto- 
motive engineers to a program of national 
defense is obvious. It is unnecessary to stress 
the responsibility which the membership of 
the Society holds to the Roster. The docu- 
ments should be carefully filled out and re- 
turned as soon as possible after their receipt. 

The information obtained through the cir- 
cularization will be transferred to punch 
cards so that all significant information will 
be speedily available to those making use 
of the Roster. These punch cards will be 
filed by fields of specialization, thus making 
it possible to obtain readily by sorting the 
cards, those individuals qualified to fill the 
particular job for which a request has been 
received. The adaptation of mechanical 
methods to the selection process will greatly 
speed up the entire process of providing 
highly qualified persons to fill positions of 
an emergency nature in connection with our 
national defense program. 

However, recognition must be given to 
the fact that not all factors in the selection 
process lend themselves to machine methods. 
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facture. Dr. Klein reminded the group 
that many things called standards are not 
standards at all. Some junction boxes and 
bulb angles really are production parts avail- 
able, or parts for which tooling is available, 
but they have not been standardized. A 
real problem, he said, is that of standardiz- 
ing aircraft-engine crankshaft speed since 
this seriously affects the operation of various 
accessories. In closing, E. W. Templin asked 
whether the airlines were represented on the 
Standards Board. Mr. Wright replied in 
the negative, but believes that it is a good 
idea. 


For example, relative levels of competency 
of the various individuals in the Roster can- 
not be determined by a mechanical proce- 
dure. In order to make it possible to give 
the proper weight to this phase of the selec- 
tion process, the societies cooperating with 
the Roster will set up evaluation committees 
to whom will be referred the names of 
individuals selected for any particular as- 
signment. By this means consideration is 
given to both that information readily avail- 
able on the punch card and to the quality 
of each individual’s experience and _back- 
ground. 

Another extremely important aspect of 
the project is that of conservation. There is 
undoubtedly a great deal of work being 
done outside the government which is of 
the utmost importance to the national de- 
fense program. The withdrawal of men 
engaged in these tasks would disturb the 
progress of the work and might detrimen- 
tally affect the defense program of the coun- 
try. Due weight then must be given to all 
of these factors in the establishment of this 
central register of the country’s human re- 
sources in the scientific and _ specialized 
fields. This has never before been attempted 
by the Federal Government. Because of the 
importance of this project the Society of 
Automotive Engineers is glad to cooperate 
with the National Roster in this task. It 
is hoped that the membership will cooperate 
by carefully filling out and returning the 
questionnaires as soon as possible. 




















About SAE Members 





WILLIAM S. KNUDSEN and E. R. 
STETTINIUS, JR., members of the National 
Defense Advisory Commission in charge of 
production and raw materials, respectively, 
are SAE members named to the three-man 
Priorities Board appointed by order of the 
President, Oct. 24. Mr. Knudsen is chair- 
man of the board, whose duties are to “es- 
tablish principles of policy to govern the 
operation of the priorities system.” On Nov. 
12, the Priorities Board announced the es- 
tablishment of a Machine Tool Priority 
Committee to coordinate national defense, 
commercial, and export demands on the ma- 
chine toool industry. SAE Member CLAY- 
TON R. BURT, president, Pratt & Whitney 
Division, Niles-Bement-Pond Co. and chair- 
man of the Machine Tool Builders Defense 
Committee, has been named a member of 
this committee. 


THOMAS Jj. LITLE, JR., who has been 
chief engineer of the Easy Washing Ma- 
chine Corp., Syracuse, N. Y., is now af- 
filiated with Bendix Home Appliances, Inc., 
South Bend, Ind. Mr. Litle was president 
of the SAE in 1926 and is a life member 
of the Society. 


The rank of F. S. ROBILLARD, U. S. 
Marine Corps, has been advanced from 
major to lieutenant-colonel. Col. Robillard 
is officer in charge of motor transport, U. S. 
Marine Corps, Washington, D. C. 


WILLIAM S. CROWELL, secretary of 
the SAE Northern California Section, is now 
in the claims department of the Preferred 
Accident Insurance Co., San Francisco. He 
was previously claims adjuster with the 
General Casualty Co., Oakland. 


HENRY PAUL WHITCAMP has been 
called to active duty in the Regular Army 
as a captain, Quartermaster Reserves. He 
is motor transportation officer, Quartermas- 
ter Corps, Headquarters Sixth Corps Area, 
Chicago. Before being called to active duty, 
he served as civilian assistant. 


ROBERT S. OGG is diesel engine instruc- 
tor at the Washington Aviation & Diesel 
School, Washington, D. C. He was previ- 
ously instructor at the Stewart Technical 
School, New York. 


WILLIAM HOWARD McCOY has joined 
the Packard Motor Car Co., Detroit, as 
master mechanic. He formerly was with the 
Allison Division, General Motors Corp., 
Indianapolis. 


HUGH DEAN, manufacturing manager 
of Chevrolet, has been re-elected board 
chairman of the Detroit Industrial Safety 
Council. 


JOSEF K. CHMEL, formerly head of the 
firm, Elektronspol, Prague, Czechoslovakia, 
is now in Toronto, Canada, as general man- 
ager of PRENCO Progress & Engineering 
Corp., manufacturers of aviation parts and 
accessories. 


D. W. TOMLINSON, vice president, 
Transcontinental & Western Air, Inc., has 
received the B. F. Goodrich Award for ‘“‘dis- 
tinguished public service.” 


C. E. WILSON, acting president, General 
Motors Corp., and B. E. HUTCHINSON, 
vice president and chairman of the finance 
committee, Chrysler Corp., have been elected 
directors of the Automobile Manufacturers 
Association. Mr. Wilson replaces WILLIAM 
S. KNUDSEN, former General Motors presi- 
dent and now production coordinator of the 
National Defense Advisory Committee. Mr. 
Hutchinson fills a previous vacancy on the 
board. 


WALTER C. THEE has been advanced 
from the rank of major to that of lieutenant- 
colonel in the Quartermaster Corps, U. S. 
Army. Col. Thee has been officer in charge, 
standards branch, engineering division, Hola 
bird Quartermaster Depot, Baltimore, since 
January, 1939. 


A. J. M. HAMON has been placed in 
charge of Shell Oil Co.’s aviation activities 
east of the Rocky Mountains and JOSEPH 





Joseph H. Lee 


H. LEE, of the company’s lubricants sales in 
the same area. Mr. Hamon joined the Shell 
aviation department in 1930, and in 1936 
was made manager of the eastern marketing 
territory. Mr. Lee has been associated with 
the company for the past 18 years; since 
1939 as manager of the lubrication depart- 
ment in the eastern territory. Both men 
will make their headquarters in New 
York. Their appointments were made as a 
part of a current move to consolidate the 
company’s entire organization, including a 
merger of its eastern and midwestern mar- 
keting and producing units. 


DR. GEORGE J. MEAD, who has been 
head of the aircraft division of the produc- 
tion department of the National Defense 
Advisory Commission under WILLIAM S. 
KNUDSEN, has resigned from that post so 
that he might give his time to research in 
his capacity as a member of the National 
Advisory Committee for Aeronautics. Dr. 
Mead, a former United Aircraft executive, is 
vice chairman of the NACA and chairman 
of its committee on powerplant research. 
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DAVID R. KNOX has been advanced to 
the post of chief engineer by the Bundy 
Tubing Co., Detroit. Before his recent 
promotion, he was assistant factory manage! 

CHARLES E. DEWAR, heretofore factory 
manager for Champion Spark Plug Co., has 
been appointed vice president of the com 
pany in charge of production for Champion 
plants in Toledo, Windsor, Ont., and En- 


Charles E. 


Dewar 


Champion 
Vice President 





gland. Mr. Dewar joined Champion as a 
toolmaker in 1913. 


“England needs the results of American 
airplane research far more than it needs 
American airplane production,’ WILLIAM 
B. STOUT, president of the Stout Aircraft 
Corp., told members of the Cleveland Rotary 
Club, Oct. 17. ‘The most important factor 
in the war,” he said, “is airplane research. 
Germany has more men working on airplane 
research than has England or any other 
country in the world. The next two gen 
erations of airplanes, and there is a new 
generation every two months or so, will go 
far toward determining the victor.” 


PAUL W. LITCHFIELD, chairman of the 
board, Goodyear Tire & Rubber Co., has 
been elected a director of the Rubber Man- 
ufacturers’ Association for a term ending 


in 1943, 
HAROLD F. SCHWEDES has been pro- 


moted from the post of assistant factory 
superintendent to that of production man- 
ager by North American Aviation, Inc., In- 
glewood, Calif. He was machine shop fore- 
man with the Berliner-Joyce Corp. when 
that organization became a part of North 
American Aviation in 1934, and advanced 
to assistant factory superintendent in 1937. 


W. H. FISHER, major in the Infantry 
Reserve, has been called into active duty 
with the Army. Major Fisher has been auto 
motive engineer with the Gulf Oil Corp 
in Atlanta, Ga. 


J. H. KLINE, formerly assistant branch 
manager in New York for the International 
Harvester Co., has been named branch man 
ager of the company in West Haven, Conn. 


RALPH E. FLANDERS, president of the 
Jones & Lamson Machine Co. and of the 
Byrant Chucking Grinder Co., Springfield, 
Vt., has been elected president of the New 
England Council. He has been for three 
years chairman of the council's industrial 
committee. 


A. E. STADLER writes from South Africa 
that he has been called to active service and 
has joined his company, the 25th (road con- 
struction company) South Africa Engineer- 
ing Corps, as mechanical engineer lieutenant. 
He was assistant to mechanical superinten- 
dent, Cape Provincial Roads Department, 
Cape Town, Union of South Africa, before 
entering the service. 
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Re-Elected 





GOVERNOR JULIUS P. HEIL, who is 
president of the Heil Co., Milwaukee, 
has been elected to serve a second term 
as Governor of Wisconsin. Governor 
Heil has been an associate member of 
the SAE since 1921 


WILLIAM L. BATT, deputy commissioner 
of the industrial materials division of the 
National Defense Advisory Commission, out- 
lined before the Herald-Tribune Forum on 
Current Problems, New York, Oct. 22, a 
five-fold program to supply the nation with 
all raw materials essential to the national 
defense program. The _ points discussed 
were: increased domestic production of com 
modities already produced here; the finding 
of new sources close enough to this country 
so that there may be reasonable expectation 
that access to them will not be disrupted; 
use of the stock-pile program, which entails 
immediate purchase of as much foreign raw 
materials as can be obtained; the finding 
of substitutes and, finally, salvage and rec 
lamation. 


V. J. JANDASEK is associated with K. L. 
HERRMANN in research and experimental 
work. Mr. Jandasek was previously experi- 
mental test engineer with International Har- 
vester Co., Chicago. 


ROBERT S. TREMBATH is test engineer 
in production study with General Motors 
Corp. at Flint, Mich. He previously was 
with Reo Motors, Inc., Lansing, Mich. 


SID G. HARRIS has been named man 
ager of the sales engineering department, 
Fleet-Industrial-Marine Division, Petroleum 
Solvents Corp., New York. He was form- 
erly factory representative for Pines Winter 
front Co., sales engineer for Macmillan Pe- 
troleum Corp., and eastern representative for 
Continental Motors Corp. Mr. Harris is a 
past chairman of the SAE Metropolitan Sec 
tion. 


FRANCIS L. STEPHENSON has joined 
the U. S. Maritime Commission, Washing- 
ton, D. C., as junior mechanical engineer, 
marine engineering. He was with the Alli- 
son Division, General Motors Corp., Indian- 
apolis. 


ELMER B. McCARTNEY, formerly pro 
prietor of the E. B. McCartney Co., Madison, 
N. J., has been appointed assistant to the 
president, Toro Mfg. Corp., South Minne- 
apolis, Minn. 


Speaking at the dedication of a new build- 
ing erected by Pratt & Whitney Aircraft, 
Division of United Aircraft Corp., for the 
production of aircraft engines for British air 
squadrons, EUGENE E. WILSON, president 
of United Aircraft, reported that since Jan- 
uary, 1939, the company had increased its 
monthly output from 1,000,000 hp to more 
than 2,000,000 hp. 
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COL. GLEN F. JENKS, Ordnance Depart- 
ment, U. S. Army, has been elected presi- 
dent of the American Welding Society for 
1940-1941. 


R. D. KOENITZER has been named as- 
sistant chief engineer by the McCord Radia- 
tor & Mtg. Co., Detroit. 


J. RUSSELL WALSH, formerly with Gen- 
eral Motors Overseas Corp., is automotive 
engineer in the Office of the Quartermaster 
General, Motor Transport Division, War De- 


partment, Washington, D. C. 


H. W. SULLIVAN has been named super- 


intendent of the Pana Refining Co., Pana, 
Ill. He formerly was with the Phillips 
Petroleum Corp., Bartlesville, Okla. 


REAR ADMIRAL EMORY S. LAND, 


chairman of the United States Maritime 
Commission, was elected president of the 
Society of Naval Architects and Marine 
Engineers at the society’s annual meeting in 
New York last month. 


F. R. BARKER, consulting development 


engineer, Georgetown, Mass., writes that he 
has been called into the Canadian war 
service. 


WILBER M. JOHNSON has been named 


sales executive, parts manufacturing de 
partment, General Electric Co., Nela Park, 
Cleveland. He was formerly in the sales 
division of the lamp department. 


JAMES A. BEARD, JR., since the first of 


October, has been affiliated with the Cur 
tiss-Wright Co., Robertson, Mo., as assistant 
production engineer. He had been auto 
motive engineer with the Wagner Electric 
Co., St. Louis. 


WILLIAM F. MAGUIRE, who was elected 
secretary of the Baltimore Section, has left 
that area to become New England district 
sales manager for Studebaker trucks, with 
headquarters in Boston. In Baltimore, he was 
inanager of Sterrett Operating Service, a 
General Motors subsidiary. 

HENRY FORD was honored by the Hol- 
land Society Nov. 14, when he was awarded 
its gold medal “for eminence in scientific 
manufacturing.” The presentation was made 
in New York at the society's fifty-sixth an- 


nual dinner. 


Officials of the Timken Roller Bearing 
Co. recently announced the appointment of 


George W. 
Curtis 
Division 

Manager 





GEORGE W. CURTIS as Milwaukee division 
manager. Industrial and automotive bearing 
sales activities of this division will be under, 
his direction. He previously was Milwaukee 
district manager of the industrial division. 


BRINT EDWARDS is engineer, power- 
plant group, St. Louis Airplane Division, 
Curtiss-Wright Corp. He _ previously was 
with the Douglas Aircraft Co., Inc., Santa 
Monica, Calif. 





North American 
Aviation Breaks 


Ground in Texas 


PRESIDENT J. H. KINDELBERGER, above, 
addressed the crowd assembled to witness 
ground-breaking ceremonies of North Amer- 
ican Aviation, Inc., of Texas. Mr. Kindel- 
berger was chairman of the Engineering 
Display held in conjunction with the recent 
SAE National Aircraft Production Meeting 


ALEXANDER T. BURTON, right, who on 
Oct. | was named manager of the Texas 
division. In June of this year, Mr. Burton 
returned to the United States from France 
and England where he had been sent in 
1938 to supervise assembly and test of train- 
ing aircraft built by North American for 
the British and French Governments. Since 
his return to America, Mr. Burton has been 
engaged in final details of the initial British 
contracts 
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E. D. SULLIVAN, formerly assistant 
chief engineer, Acrotorque Co., Cleveland, 
has joined the Airsupply Co., Los Angeles, 
as service engineer. 


CARSON O. DONLEY is test engineer 
with the Allison Division, General Motors 
Corp., Indianapolis. He was engineer in 
the tire development department of Fire- 
stone Tire & Rubber Co., Akron, Ohio. 


The Ethyl laboratories in Detroit, accord- 
ing to EARL BARTHOLOMEY, director of 
the company’s engineering research labora- 
tories, axe completing successful tests with 
engines having compression ratios above 11:1 
and requiring a fuel of decidedly higher 
antiknock rating than is now generally avail- 
able. He adds that fuel meeting such re- 
quirements will be ready when needed 


KINGSLAND HOBEIN, formerly engi- 
neer with the Wright Aeronautical Corp., 
Paterson, N. J., is now affiliated with 
Wright Aero, Ltd., Los Angeles. 


FRED C. HOLZ, who has been service 
traveler for the Hudson-Terraplane Sales 
Corp., Philadelphia, is covering the Altoona, 
Pa., district as service representative of the 
Chrysler Corp., service division. 


CLYDE H. BRITTEN, formerly assistant 
«Manager, technical applications, Shell Oil 
Co., Inc., Martinez, Calif., has been trans- 
ferred to Wilmington, Calif., where he holds 
the post of chief technologist. 


J. L. SCHMELLER, whose advancement 
to the post of vice president in charge of 
sales of the National Bronze & Aluminum 
Foundry Co., Cleveland, was noted last 
month, also has been named assistant trea- 
surer and appointed to the company’s board 
of directors. 


B. C. HEACOCK, president, Caterpillar 
Tractor Co., has been elected to serve three 
years on the executive committee of the 
Farm Equipment Institute. 


WALTER C. HASKIN, who has been 
studying at the University of Southern 
California, is a template maker with the 
Lockheed Aircraft Corp., Burbank, Calif. 


FRANK ALBERTI, who has been attend- 
ing the University of Washington, is doing 
machine design work with Laucks Labora- 
tories, Inc., Seattle. 


Automobile Committee Set Up 
On Aircraft Parts Production 


A committee of automobile and_ parts 
manufacturers set up to work with the Na- 
tional Defense Advisory Commission and the 
aviation industry, met in Detroit, Oct. 25, to 
start its program of developing and making 
effective a plan for the production of the 
desired tools, jigs, dies and fixtures, and the 
production of airplane parts. 


SAE members serving on the committee 
are ALVAN MACAULEY, chairman of the 
board, Packard Motor Car Co.; EDSEL 
FORD, president, Ford Motor Co.; K. T. 
KELLER, president, Chrysler Corp.; C. E. 
WILSON, acting president, General Motors 
Corp.; IRVING B. BABCOCK, president, 
Yellow Truck & Coach Mfg. Co.; C. C. 
CARLTON, vice president-sécretary, Motor 
Wheel Corp., and L. D. ADAMS, Associated 
Spring Corp. (alternate). 


PETER ALTMAN, pioneer aeronautical 
engineer, has resigned as director of the 
aeronautics department, University of De- 
troit, to become associated with the research 
and development division of the Aviation 
Mfg. Corp. His headquarters will be in 
Detroit. Mr. Altman, who had been with 
the University of Detroit since his gradua- 


With Aviation Mfg. Corp. 





Peter Altman 


tion in 1925, was the first student to re- 
ceive the degree of Bachelor of Aeronautical 
Engineering from that school. He won 
international recognition as an aeronautical 
engineer and designer in 1925 as the co- 
designer of the Powell Racer which won 
first place in the International Races held 
in New York that year. Mr. Altman also 
made some drawings for the first Stinson 
biplane and for the first Stinson cabin bi- 
plane with wheel control and brakes in 
1925 and 1926. Mr. Altman has _par- 
ticipated for a number of years in the work 
of the SAE Aircraft Activity Committee 
and the Society’s Detroit Section, of which 
he was chairman in 1936. 


HUGO EDWARD GILLE, formerly 
junior engineer with the Ethyl Gasoline 
Corp., New York, is laboratory engineei 
with the Wright Aeronautical Corp., Pater- 
son, N. J. 


H. B. HOBSON has taken the post of 
technical engineer, procurement division, 
British Purchasing Commission. He previ 
ously was vice president of Chapman Mo 
tors, Inc., Plattsburg, N. Y. 


Congratulations were showered upon R. J. 
COLLINS when Kansas City was named 
winner of the Inter-Council Fleet Safety 
Contest by the National Safety Council. Mr. 
Collins, who is superintendent of the trans- 
portation department, Kansas City Power 
& Light Co., has been chairman of the 
committee charged with the promotion of 
fleet safety in Kansas City for the past two 
years. 


In a recent statement, R. L. MORRISON, 
vice president and general manager, Bendix- 
Westinghouse Automotive Air Brake Co., 
formally announced the conclusion of nego- 
tiations which will result in the future re- 
moval of the company’s general offices and 
factory from Pittsburgh to Elyria, Ohio. 

MASTER SGT. WILLIAM H. BOSHOFF, 
Co. “A,” 86th Quartermaster Battalion, U.S. 
Army, has been transferred from Fort Bragg, 
N. C., to Fort McPherson, Atlanta, Ga. 


JOHN H. McCANN, formerly manager 
of the Detroit branch of the Crane Co., has 
been named manager of the company’s 
branch at Asheville, N. C. 


30 


By spring, export losses of this country’s 
petroleum industry will be offset by increas- 
ing demands arising from the Government's 
national defense program and the resultant 
increased domestic and industrial consump- 
tion, DR. R. E. WILSON, oil adviser to the 
National Defense Advisory Commission told 
the Independent Petroleum Association at 
Dallas, Texas, Oct. 17. 


Among SAE members scheduled to speak 
at the annual convention of the American 
Trucking Associations, Los Angeles, early 
last month, were FREDERICK C. HORNER, 
an aide of the National Defense Advisory 
Commission and assistant to the chairman 
of General Motors Corp.; L. M. K. BOEL- 
TER, professor of mechanical engineering, 
University of California at Los Angeles; and 
J. L. S. SNEAD, maintenance engineer, 
Consolidated Freightways, Inc. 


B. F. MORRIS, vice president, Thomas A. 
Edison, Inc., has been elected president of 
the Association of American Battery Manu- 
facturers. Among other officers elected were 
SAE members E. T. FOOTE, Globe-Union, 
Inc., first vice president; and J. H. McDUF- 
FEE, Electric Auto-Lite Co., second vice 
president. 


G. W. PATCHETT, who was chief de- 
signer, Zbrojovka Ing. F., Janecek, Prague, 
writes that he got away from Czechoslo- 


6. W. Patchett 
Now in 
England 





vakia just before the outbreak of the war, 
and that his wife and children are still in 
unoccupied France. Through the efforts of 
the United States Consul General in Mar 
seille, he added, he expects soon to reunite 
his family in England. Mr. Patchett is ser\ 
ing in the English Tank Design Department 
as assistant to the director of tank design. 
He is in charge of engine designs and 
experiments. The picture of Mr. Patchett 
was received before the outbreak of the war. 


F. J. POMMER, formerly a student mem- 
ber at the University of Southern California, 
is shop engineer with the United Aircraft 
Co. in Los Angeles. 


“The oil industry of the United States is 
ready now to produce any volume of oil 
for any purpose required — whether for peace 
or national defense,”” DR. GUSTAV EG- 
LOFF, Universal Oil Products Co., said in 
an address at Purdue University, Oct. 31. 
He added; “There will be no need for gaso- 
lineless Sundays that occurred during World 
War No. 1.” 
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Guggenheim Medalist 





GLENN L. MARTIN, president of the 
Glenn L. Martin Co., has been named 
to receive the Daniel Guggenheim 
Medal for 1940, it has been announced 
by ELMER A. SPERRY, chairman of the 
Board of Award 


The medal, which is to be presented 
at the Honors Night Dinner of the In- 
stitute of the Aeronautical Sciences in 
New York, Jan. 28, is given "for contri- 
butions to aeronautical development 
and the production of many types of 
aircraft of high performance" 


MAJOR REUBEN H. FLEET, president 
of the Consolidated Aircraft Corp., San 
Diego, Calif., has announced the acquisition 
by his company of the assets, including ma- 
chinery and all equipment, of the Hall 
Aluminum Aircraft Corp. of Bristol, Pa. 
Major Fleet also made known that 35 key 
employees of the Hall company, including 
ARCHIBALD M. HALL, its president, have 
joined the Consolidated Aircraft Corp. in 
San Diego. 


S. KENNETH WEISER is experimental 
test engineer with the Menasco Mfg. Co., 
Burbank, Calif. He was formerly with the 
General Petroleum Corp. of Calif., Los 
Angeles. 


JAMES W. FODREA, 1940 graduate from 
the General Motors Institute, has entered the 
Chevrolet-Muncie Division of General Mo- 
tors Corp., Muncie, Ind., as product engineér. 


ROY EARL POTTS, former member of 
the SAE Student Branch at Purdue Univer- 
sity, has joined the Santa Fe Railroad Co. 
as special apprentice. He is stationed at 
Albuquerque, N. M. 


ALBERT R. CHAMPION is laboratory 
technician, department of mechanical en- 


gineering, University of California, Berkeley, 
Calif. 


EDWARD D. MALTBY recently an- 
nounced that the Edward D. Maltby Co. 
has moved to its own building at 1718 So. 
Flower St., Los Angeles. The company acts 
as factory representative for Marlin-Rockwell 
Corp., Shafer Bearing Corp., American 
Roller Bearing Co. of America, and the Chi- 
cago Rawhide Mfg. Co. It also is a distribu- 
tor of Timken Tapered Roller Bearings to 
the automotive replacement trade. 


December, 1940 


CHARLES GETLER, Houdaille-Hershey 
president, has been named a member of 
the board of trustees of the Illinois Institute 
ot Technology. 


HERBERT C. SNOW is consulting engi- 
neer with the Columbia Axle Co., Cleveland. 
He formerly held the same position with 
the Auburn Automobile Co. 


ROBERT W. THOMAS, formerly auto- 
motive engineer, Fidelity & Casualty Co. of 
New York, has been named fleet manager 
of the Coca-Cola Bottling Co. of New York. 


OSCAR L. OLSEN recently was named 
district service engineer for the Electro- 
Motive Corp., operating from the southern 
district office at Jacksonville, Fla. He has 
been service engineer with the same com- 
pany in Miami. 


W. A. MAYNARD is doing diesel sales 
promotion work with the General Motors 
Truck & Coach Mfg. Co., Pontiac, Mich., 
having transferred from the post of sales 
promotion manager with the Diesel Engine 
Division of General Motors Sales Corp., 
Cleveland. 


HARRY T. WOOLSON, executive en- 
gineer, Chrysler Corp., and a past president 
of the SAE, has been elected vice chairman 
of the Engineers’ Council for Professional 
Development. 


HOWARD kK. GANDELOT, formerly 
automotive engineer and general counsel, 
N. W. Ayer & Son, Inc., is now affiliated 
with General Motors Corp., Detroit. 


CAPT. LEROY EMERSON CUMMINGS 
is assistant to chief of artillery division, in- 
dustrial service, Ordnance Department, U. S. 
Army, Washington, D. C. 


About Authors 


(Concluded from page 9) 


in Economics in 1923. He joined the 
executive sales force of the Perfect 
Circle Co. after graduation and became 
a director of the company. His general 
bent for engineering, however, shifted 
him from sales to factory manager and 
then to executive engineer. 


@ DR. LLOYD WITHROW (M ’38), 
who has been engaged in a fundamental 
study of combustion in T. A. Boyd's 
fuel department at General Motors Re- 
search Laboratories for the past 14 
years, was assisted in 1938 and 1939 by 
WALTER CORNELIUS. Some of their 
work is reported in “Effectiveness of 
Burning Processes in Non-Knocking In- 
ternal-Combustion Engines.” Dr. With- 
row has had part in the development 
of several studies published in the SAE 
Journal and, as co-author with Dr. 
G. M. Rassweiler, was awarded the 1938 
Horning Memorial Medal for the paper, 
“Motion Pictures of Engine Flames 
Correlated with Pressure Cards” (SAE 
Journal, May, 1938). Published in Jan- 
uary of this year was “Engine Combus- 
tion and Pressure Development,” in 
which Mr. Cornelius joined the With- 
row-Rassweiler team in reporting their 
findings. During the past year, Mr. 
Cornelius has been engaged in engine 
development work for D. F. Caris’s de- 
partment of the GM Research Labora- 
tories. 


Three Oldsmobile Promotions 


Maurice A. Thorne 


The appointment of two assistant chief 
engineers and a director of styling was re- 
cently announced by HAROLD F. YOUN- 
GREN, chief engineer of Oldsmobile. 


MAURICE A. THORNE has been named 
assistant chief engineer in charge of body, 
chassis, electrical, accessory groups and of- 
fice administration. Mr. Thorne has been 
a member of Oldsmobile’s engineering de- 
partment since 1934, and has been in charge 
of chassis design since 1935. 


JACK F. WOLFRAM has been appointed 
assistant chief engineer in charge of engine, 
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Jack F. Wolfram 





John Oswald 


transmission and axle design and develop- 
ment division. His duties also will include 
supervision of the experimental division, 
which includes final testing. For the past 

years he has been in charge of experi- 
mental engineering and all test work. He 
joined Oldsmobile 12 years ago. 


JOHN OSWALD has been named Olds- 
mobile’s director of styling, with responsi- 
bilities for car appearance and appointments. 
Mr. Oswald has been body engineer for 
Oldsmobile since 1923. During this period 
he has contributed much to the appearance 
of Oldsmobiles. 
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APPLICATIONS Received 


The applications for membership received between Oct. 15, 1940, and Nov. 
15, 1940, are listed below. The members of the Society are urged to send any 
pertinent information with regard to those listed which the Council should have 
for consideration prior to their election. It is requested that such communica- 


tions from members be sent promptly. 





Baltimore Section 


Steete, Davin R., owner, 
Spring Service, Baltimore, Md. 


Fallsway 


Buffalo Section 


GLENDENNING, WILLIAM J., 
mechanical engineer, 
Corp., Buffalo. 

Woops, Rospert J., chief design engineer, 
Bell Aircraft Corp., Buffalo. 


machinist, 
Houde Engineering 


Canadian Section 


BEAUCHAMP, PAUL, manager, Bowes “Seal 
Fast’’ Co., Ltd., Hamilton, Ont., Canada. 

Duviner, Irwin, traffic manager, George 
Weston, Ltd., Toronto, Ont., Canada. 

Ketton, JoHNn, mechanical engineer, Ford 
Motor Co. of Canada, Windsor, Ont., Can- 
ada. 


Chicago Section 


Bonp, JouHn R., transmission 
Studebaker Corp., South Bend, Ind. 

DuRRSTEIN, VERNON Lewis, The Buda 
Co., Harvey, IIl. 

GREENLEE, Harry R., engineer in charge 
of transportation, Studebaker Corp., South 
Bend, Ind. 

Herscu, Ben, development and research 
engineering staff, Studebaker Corp., South 
Bend, Ind. 

ParisH, WILLIAM H., Jr., 
Electric Corp., Chicago. 


layout, 


sales, Wagner 


Cleveland Section 


Brown, Rosert T., engineer, Goodyear 
Tire & Rubber Co., Akron, Ohio. 

Burns, Louis G., project engineer, Pump 
Engineering Service Corp., Cleveland. 

Csaszar, Steve, die designer, Thompson 
Products, Inc., Cleveland. 

Compton, JaMes A., checker, Pump En- 
gineering Service Corp., Cleveland. 

Curr, Maurice D., draftsman, Pump En- 
gineering Service Corp., Cleveland. 

Czyzak, STANLEY J., research, Una Weld- 
ing, Inc., Cleveland. 

E1cHMAN, CuNo, engineer, Pump Engi- 
neering Service Corp., Cleveland. 

ENGLUND, ALAN C., draftsman, Pump En- 
gineering Service Corp., Cleveland. 

Janesi, Juttus Avan, draftsman, Pump 
Engineering Service Corp., Cleveland. 

Kanucu, Georce, draftsman, Pump En- 
gineering Service Corp., Cleveland. 

Kanucu, Joun, chief draftsman, Pump 
Engineering Service Corp., Cleveland. 

Kowa.uk, Steve P., foreman, Pump En- 
gineering Service Corp., Cleveland. 

Lauck, Joun A., chief test engineer, Pump 
Engineering Service Corp., Cleveland. 

Lester, NATHAN, president, Lester En- 
gineering Co., Cleveland. 

LinpserG, Paut G., draftsman, Pump 
Engineering Service Corp., Cleveland. 

LuNDBERG, RoBERT, draftsman, Pump En- 
gineering Service Corp., Cleveland. 


McOuart, Racpu H., vice president, Pump 
Engineering Service Corp., Cleveland. 

Rounps, Ropert, contact engineer, A. 
Schrader’s Son, Division Scovill Mfg. Co., 
Akron, Ohio. 

Rue, Frank M., sales engineer, The Na- 
tional Bronze & Aluminum Foundry Co., 
Cleveland. 

THORNE, Marion F., engineer, Thompson 
Products, Inc., Cleveland. 

Ucros, Jack, designer, Pump Engineer- 
ing Service Corp., Cleveland. 

Watwace, Rosert B., test engineer, Pump 
Engineering Service Corp., Cleveland. 

WEATHERHEAD, ALBERT J., JR., president, 
The Weatherhead Co., Cleveland. 

Weeks, Cnuarves P., vice president, Her- 
cules Motors Corp., Canton, Ohio. 

YocerR, FRANK, Jr., mechanical drafts- 
man, Pump Engineering Service 
Cleveland. 


Corp., 


Dayton Section 


CorrertLt, Donato M., The 
Power & Light Co., Dayton, Ohio. 

WHITTLESEY, Davip WALTER, junior me- 
chanical engineer, War Department, Air 
Corps, Materiel Division, Wright Field, Day- 
ton, Ohio. 


Dayton 


Detroit Section 


Ayres, VINCENT, engineer, Wilcox-Rich 
Division, Eaton Manufacturing Co., Detroit. 

Barr, Harry F., supervisor engine labora- 
tory, Cadillac Motor Car Division, General 
Motors Corp., Detroit. 

Cipoiia, JosepH A., engineer in training, 
Ethyl Gasoline Corp., Detroit. 

Cuskir, HERMAN, junior engineer, Chry- 
sler Corp., Highland Park, Mich. 

FELDMAN, Irvinc I., designer, Chevrolet 
Division, General Motors Corp., Detroit. 

Jenkins, Rartpn S., vice president in 
charge of manufacturing, Gar Wood Indus- 
tries, Inc., Detroit. 

MILLET, Jonn P., draftsman, Packard Mo- 
tor Car Co., Detroit. 

Moore, R. Joun, secretary and sales en- 
gineer, Detroit Ball Bearing Co., Detroit. 

SavaGE, CiypeE L., design engineer, Con- 
tinental Aviation & Engineering Corp., De- 
troit. 

Tuarp, Wivsur G., draftsman, Packard 
Motor Car Co., Detroit. 


Indiana Section 


Foro, G. H., director of tests and_ bal- 
listics, Marmon-Herrington Co., Inc., In- 
dianapolis, Ind. 

ZOLLNER, Frep, vice president, Zollner 
Machine Works, Fort Wayne, Ind. 


Kansas City Section 


Ho.uister, Extmer A., industrial sales, 
Stewart-Warner-Alemite Co., Kansas City. 


Metropolitan Section 


BEDNALL, Rospert E., president, Allen 
Bros. Garage, Inc., Stamford, Conn. 
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Cimporsky, Louis, industrial maintenance 
inspector, Cummins Diesel Engine Corp., 
Bronx, New York. 

Harrison, Marvin, vibration engineer, 
Curtiss Propeller Division, Curtiss Wright 
Corp., Clifton, N. J. 

HAYDEN, CHRISTOPHER J., JR., treasurer, 
Hayden Automobile Co., Stamford, Conn. 

Haynes, JOHN MILLs, project engineer, 
Breeze Corporations, Inc., Newark, N. J. 

Kari, JoHN M., president, Karl Brothers, 
Inc., New Canaan, Conn. 

KesicKe, Francis E., junior engineer, 
Wright Aeronautical Corp., Paterson, N. J. 

KoerNER, HERMAN J., officer, John Koer 
ner’s Sons, Inc., Brooklyn, N. Y. 

KuRLANDER, JOHN H., illuminating engi 
neer, Westinghouse Lamp Division, West 
inghouse Electric & Manufacturing Co., 
Bloomfield, N. J. 

Last, BERNARD, junior engineer, gear de 
sign, Mack Manufacturing Corp., New 
Brunswick, N. J. 

PLackwic, Epmunp S., production engi- 
neering, Wright Aeronautical Corp., Pater 
son. N. J. 

Sr. Ausin, RoLanp W., apprentice me- 
chanic, American Air Lines, Inc., LaGuardia 
Field, Jackson Heights, New York. 

SCHROEDER, Ropert W., test engineer, 
Wright Aeronautical Corp., Paterson, N. J. 

SrrunK, KenirH G., chief engineer, 
Breeze Corporations, Inc., Newark, N. J. 

Supa, STANLEY, junior procurement in 
spector, U. S. Army Air Corps, Wright 
Aeronautical Corp., Paterson, N. J. 

Van WINKLE, MARSHALL, JR., president, 
American Marsden Co. and Place Cap Screw 
& Bolt Co., Jersey City, N. J. 

Wyatt, Owen T., service engineer, Aero 
Spark Plug Co., Inc., New York. 

Zino, ANTHONY JosEPH, JR., lubrication 
engineer and New York Sales Manager, The 
Lubri-zol Corp., New York. 


Milwaukee Section 


Bercer, Ray A., design of industrial 
power units, Waukesha Motor Co., Wau 
kesha, Wis. 

Forry, Ropert A., research engineer, Hevi 
Duty Electric Co., Milwaukee. 


Northern California Section 


3RowN, Avon, draftsman, Hall-Scott Mo 
tor Car Co., Berkeley, Calif. 

Guape, Perer, superintendent of equip 
ment, Purity Stores, Ltd., San Francisco. 

Lane, Joun T., plant superintendent, The 
Coca-Cola Bottling Co. of California, San 
Francisco. 


Philadelphia Section 


Borowsky, A. G., president, George K. 
Garrett Co., Inc., Philadelphia. 

GreENnE, O. V., assistant metallurgist, The 
Carpenter Steel Co., Reading, Pa. 

Haus, Luruer R., charge, experimental 
test, Mack Manufacturing Corp., Allentown, 
Pa. 

Jacoss, Arperr R., vice president and 
chief engineer, Jacobs Aircraft Engine Co., 
Pottstown, Pa. 

McKee, WittiaM MAXxweELL, automotive 
research and testing, Sun Oil Co., Marcus 
Hook, Pa. 

Wricut, W. Anprew, research engineer, 
Sun Oil Co., Marcus Hook, Pa. 


Pittsburgh Section 
DonaLpson, Hoiianp H., Jr., research 


chemist, Gulf Research & Development Co., 
Pittsburgh. 
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St. Louis Section 


Roever, Freperick H., department head, 
Parks Air College, East St. Louis, IIl. 


Southern California Section 


Cumro, Dean G., technical data, Doug- 
las Aircraft Co., Santa Monica, Calif. 
LockLin, PAUL, west coast manager, The 
Parker Appliance Co., Los Angeles. 
MisnNER, JAMES B., production engineer- 
ing, standard engineering, Hughes Aircraft 
Co., Union Air Terminal, Burbank, Calif. 
PepLER, KENNETH W., master mechanic, 


City of Coronado, City Hall, Coronado, 
Calif. 
ReyYNOLps, Larry, manager, truck and 


commercial department, Al Stuebing, Holly- 
wood, Calif. 

RussELi, Epwarp Sruart, engineering 
trainee, Lockheed Aircraft Corp., Burbank, 
Calif. 

SoreRiou, JAMEs G., designing engineer, 
Vultee Aircraft, Inc., Vultee Field, Calif. 

SnypeR, Lee G., Ensign, senior engineer, 
Vega Aircraft Co., Burbank, Calif. 

Wess, Harotp E., executive assistant to 
the president and sales engineer, Adel Pre- 
cision Products Corp., Burbank, Calif. 

Younc, GartuH L., chief engineer, Signal 
Oil & Gas Co., Signal Oil Co., Los Angeles. 


Southern New England Section 


Brown, Harry H., Jr., service salesman, 
The Brown & Thomas Automobile Co., New 
Haven, Conn. 

Deeps, CuHarces W., president, Chandler 
Evans Corp., South Meriden, Conn. 

JOHNSON, JosEPH C., test engineer, Pratt 
& Whitney Division, United Aircraft Corp., 
East Hartford, Conn. 

McGaw, WILLIAM LiviINGsTon, JR., ex- 
perimental test engineer, Pratt & Whitney 
Aircraft Division, United Aircraft 
East Hartford, Conn. 

OrtNER, Henry, JR., instructor, American 
Bosch Corp., Springfield, Mass. 

Ur, E-tmMer RayMonp, draftsman, Pratt & 
Whitney Arrcraft Division, United 
Corp., East Hartford, Conn. 

Waite, Davin E., sales engineer, Wallace 
Barnes Co., Bristol, Conn. 


Corp., 


Aircraft 


Syracuse Section 


BENTLEY, Harotp B., draftsman and es- 
timator, The Union Forging Co., Endicott, 
oe & 

CarRNAHAN, A. O., Professor of Mechanical 
Engineering, Syracuse University, College of 
Applied Science, Syracuse, N. Y. 

GOTTSCHALK, 
organization division, 
Corp., Syracuse, N. Y. 

SAVAGE, 


GEORGE defense 


Process 


RICHARD, 
New Gear 
Francis C., production superin 


tendent, Air Cooled Motors Corp., Syracuse, 
ma. T,. 


Washington Section 


Knaurr, Witiiam K., chairman, Tech 
nical Advisory Board, U. S. Department of 
Agriculture, Washington, D. C. 

SANDERS, JOHN CLAYTON, junior mechan 
ical engineer, National Advisory Committee 
for Aeronautics, Langley Field, Va. 

Watson, JAMEs A., JR., owner, 
Automotive Equipment Co., 
Bc, 


Watson 
Washington, 


Outside of Section Territory 


Bartey, Wiiwiam E., experimental engi- 
neer, Lycoming Division, Aviation Manufac 
turing Corp., Williamsport, Pa. 

Brackett, Irvine A., Master Sergeant, 
U. S. Army, Schofield Barracks, T. H. 


December, 1940 


CARPENTER, J. H., assistant project engi- 
neer, Lycoming Division, Aviation Manufac- 
turing Corp., Williamsport, Pa. 

MarkKLeEy, WILLIAM G., senior general me- 
chanic, Quartermaster Corps., U. S. Army, 
Construction Division, Tampa, Florida. 

Moore, Epwarp JosepH, sales engineer, 
Detroit Ball Bearing Co., Grand Rapids, 
Mich. 

PaRTLAN, THomas L., teacher, Board of 
Education, Kingston High School, Kingston, 
New York. 

RosENLUND, IvER THEODORE, mechanical 
engineer, The Texas Co., Beacon, New York. 


am 


SMiTH, DonaLp W., dynamometer test en 
gineer, Sealed Power Corp., Muskegon, Mich. 

THompson, Wivsur C., branch manager, 
Detroit Ball Bearing Co., Grand Rapids, 
Mich. 

Witson, G. C., lubrication engineer, Sin 
clair Refining Co., Savannah, Ga. 

Yates, Tom L., sales engineer, Lord Man- 
ufacturing Co., Erie, Pa. 


Foreign 
Tripp, Epwin C., Ill, apprentice engineer, 


Pan American-Grace Airways, Inc., Lima 
tambo Airport, Lima, Peru. 





NEW MEMBERS Qualified 


These applicants who have qualified for admission to the Society have been 
welcomed into membership between Oct. 15, 1940, and Nov. 15, 1940. 

The various grades of membership are indicated by: (M) Member; (A) 
Associate Member; (J) Junior; (Aff.) Affiliate Member; (SM) Service Mem- 


ber; (FM) Foreign Member. 


celieainaneanaiabial 





Baltimore Section 


Taper, Ricuarp D. (J) research engineer, 
Koppers Co., American Hammered Pist6n 
Ring Division, Bush & Hamburg Sts., Balti- 
more. (mail) Box 626. 


Canadian Section 


Hoover, Water Scor (M) managing 
engineer, Canadian Car & Foundry Co., Ltd., 
621 Craig St., West, Montreal, Quebec. 
(mail) 480 Grosvenor Ave. 

MacInnis, Epwarp H. (A) director of 
sales, E. F. Houghton & Co. of Canada, Ltd., 
185 Dufferin St., Toronto, Ontario. 


Chicago Section 


HaybeEN, James G. (M) fleet engineer, Na- 
tional Safety Council, Inc., 20 North Wacker 
Drive, Chicago (mail) Apt. 1817-A, Stevens 
Hotel. 


Cleveland Section 


Grav_Ley, CuHartes K. (M) chief engi- 
neer, Brush Development Co., 3311 Perkins 


Ave., Cleveland. 
Jones, BERNARD ALAN (M) spark plug 
engineer, Firestone Tire & Rubber Co., 


Akron, Ohio (mail) 2644 Third St., Cuya- 
hoga Falls, Ohio. 

Kuyawa, Leo J. (J) field engineer, Parker 
Appliance Co., 2236 Edgerton Road, Cleve 
land. 

Zuver, Greorce H. (A) sales engineer, 
Wagner Electric Corp., St. Louis, Mo. (mail) 
Alcazar Hotel, Cleveland. 


Dayton Section 


RICHARDSON, W1LL1AM HA tL (A) assistant 
general sales manager, Timken Roller 
ing Co., Canton, Ohio. 


Jear- 


Indiana Section 


Wattace, F. D., (M) vice president, J. D. 
Adams Mfg. Co., 217 South Belmont Ave., 
Indianapolis. 


Kansas City Section 


Symon, Harry J. (J) student, Finlay En- 
gineering College, Tenth & Indiana Ave., 
Kansas City, Mo. (mail) 3303 East Ninth St. 
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Metropolitan Section 


ARNTSEN, THomas O. (J) first class final 
assembly inspector, navy patrol bombers, 
Glenn L. Martin Co., Baltimore, Md. (mail) 
180 Brookside Ave., Mt. Vernon, N. Y. 

Coney, Grover N., Jr. (J) engine tester, 
Wright Aeronautical Corp., Paterson, N. J. 
(mail) 587 East 30th St. 

Davis, Davin L. (J) experimental engine 
tester, Wright Aeronautical Corp., Paterson, 
N. J. (mail) 587 East 30th St. 

LuNDELL, ARNOLD W. (A) diesel machine 
shop instructor, Delehanty Institute, 11 East 
16th St., New York. 

Moprovsky, JosEPH (J) stress analyst, 
Wright Aeronautical Corp., Paterson, N. J. 
(mail) 789 East 166th St., New York. 

Popper, CHARLES (J) associate engineer, 
Automatic Turbine Drive Co., Inc., 204 
Westminister St., Providence, R. I. (mail) 
Hotel Ansonia, 74th Street & Broadway, 
Apt. 6-102, New York. 

STEPHENSON, GEORGE K. (J) test observer, 
Wright Aeronautical Corp., Paterson, N. J. 
(mail) 51 Clark St. 

WatsH, FRANK VAN Wormer, Jr. (J) 
student engineer, Wright Aeronautical Corp., 
Paterson, N. J. (mail) 190 Summit Ave., 
Upper Montclair, N. J. 


New England Section 


Hitt, Freperick W. (J) engineer, Frank 
M. Hill Machinery Co., 50 School St., Wal 
pole, Mass. 

Hurvsert, A. W. (A) New England dis 
trict manager, Cedar Rapids Engineering Co., 
Cedar Rapids, Iowa (mail) North Billerica, 
Mass. 


Northwest Section 


TomMPkKINS, CHARLES SANFORD (J) 


inspec 
tor, Boeing Airplane Co., Seattle, Wash. 
(mail) 5022 17th, North East. 

WuiraKer, Harry H. (A) manager, 


Washington Bearing Service, Seattle, Wash. 
(mail) 1205 Pine St. 


Philadelphia Section 


CHAPMAN, JAMES FRANK (M) field engi- 
neer, J. G. Brill Co., 62nd & Woodland 
Ave., Philadelphia. 

Herne, L. Josep (M) electrical epgineer, 
Mack Manufacturing Corp., Allentown, Pa. 








Hopkins, Gites E. (M) technical director, 
U. S. Asbestos Division, Raybestos-Manhat- 
tan, Inc., Manheim, Pa. 

SmitH, Leo M. (J) Mack Manufacturing 
Corp., Allentown, Pa. (mail) 136 South 
Seventh St. 

ULLBERG, FREDERICK, Jr. (A) publicity, 
Edward G. Budd Manufacturing Co., Phil 
adelphia. 


Pittsburgh Section 


Pace, S. G. (M) general superintendent, 
Equitable Auto Co., 214 Lexington Ave., 
Pittsburgh. 


St. Louls Section 


Hazarp, GEOFFREY CoRNELL (M) man 
ager, technical department, industrial lubrica 
tion oil sales, Socony-Vacuum Oil Co., Inc., 
Lubrite Division, 4140 Lindell Blvd., St. 
Louis, Mo. 


Southern California Section 


DANNBACK, Toivo, MaNnuet (J) tool 
checker, Douglas Aircraft Co., Inc., Santa 
Monica, Calif. (mail). 706 Lucile Ave., Los 
Angeles. 

Epmiston, ALTON Cart (J) development 
work, layout department, Ryan Aeronau- 
tical Co., San Diego, Calif. (mail) 3553 Polk 
Ave. 

Frick, Jack E. (J) engineer, Vega Air- 
plane Co., Burbank, Calif. (mail) 541 North 
Brighton St. 

Price, EpmMunp Taser (A) president, 
general manager, Solar Aircraft Co., San 
Diego, Calif. (mail) 1212 West Juniper St. 

SanporFF, Pau Epwiw (J) engine struc- 
ture research, Lockheed Aircraft Corp., Bur- 
bank, Calif. (mail) 700 East Orange Grove 
Ave., Glendale, Calif. 

ZELLMER, Frep W. (A) crew chief, me- 
chanic, Hancock College of Aeronautics, 
Santa Maria, Calif. (mail) 1268 Winchester 
St., Glendale, Calif. 


Southern New England Section 


Meyer, Wo rrcanc E. (J) laboratory and 
research engineer, American Bosch Corp., 
Springfield, Mass. (mail) 95 Federal St. 


Washington Section 


HENDERSON, WILLIAM Donatp (J) in 
structor, auto mechanics and drive training, 
American Automobile Association, Pennsyl- 
vania Ave. at 17th St., Washington (mail) 
2121 F St., N.W. 


Wichita Section 


Nose, L. B. (M) chemist, Southwest 
Grease & Oil Co., 225 West Waterman St., 
Wichita. 


Outside of Section Territory 


AKERS, Dwicut CuMMING, Jr. (J) lubri- 
cation engineer, railway division, The Texas 
Co., 135 East 42nd St., New York (mail) 
Box 554, Jacksonville, Fla. 

Swanson, Cart Everett (M) electrical 
engineer, Northwest Airlines, Inc., St. Paul, 
Minn. (mail) 998 Marshall Ave. 

SypNnor, JosEPH Trotu (A) foreman, Vir- 
ginia Electric & Power Co., Norfolk, Va. 

Ware, JosepH F., Jr. (J) instructor, ap- 
plied mechanics, Virginia Polytechnic In- 
stitute, Blacksburg, Va. 


Foreign 


West, ALEXANDER PHILLIps (FM) stress 
engineer, Australian Aircraft Production 
Commission, 83 William St., Melbourne, 
Australia. 
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Coming Events 
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Annual Meeting 


(and Engineering Display) 
Book-Cadillac Hotel — Detroit 





Baltimore — Dec. 5 


Engineers Club; dinner 6:30 p.m. Volt- 
age Regulation and Storage Batteries — W. H. 
Foland, Delco-Remy Division, General Mo 
tors Corp.; and A. O. Ridgley, Electric Stor 
age Battery Co. 


Chicago — Dec. 3 


Chicago Towers Club; dinner 6:45 p.m. 
Lubrication without Lamentation — Stanwood 
W. Sparrow, research engineer, Studebaker 
Corp. 


Cleveland — Dec. 2 


Cleveland Club, Tudor Arms Hotel; din 
ner 6:30 p.m. Plastics New Engineering 
Materials — W. B. Hoey, Bakelite Corp. 


Detroit — Dec. 2 


Hotel Statler; dinner 6:30 p.m. Suspen 
sion Systems— Their Relation to Car Con 
trol — Kenneth Stonex, assistant department 
head, mechanical engineering department, 
General Motors Proving Ground. 


Indiana — Dec. 13 


Antlers Hotel, Indianapolis; dinner 6:45 
p.m. Properties and Uses of Present-Day 
Magnesium Alloys- W. G. Harvey, sales 
manager, American Magnesium Corp. Show 
ing of two aluminum sound films: Mine to 
Metal and Aluminum Fabricating Processes. 


Kansas City — Dec. 16 


Hotel Continental; meeting 8:00 p.m. 
Automatic Diesel Engines and Their Appli- 
cation—J. B. 
Witte Engine Works. The Hydraulic Coup- 
ling and Its Application to Fluid * Drives - 
David F. Toot, engine department, Chrysler 
Corp. 


Metropolitan — Dec. 5 

Hotel New Yorker, New York City; din 
ner 6:30 p.m. Subject: Diesels in Bus 
Transportation. W. J. Cumming, general 
superintendent, Surface Transportation: Corp. 
of New York; and Ralston B. Smythe, super- 
intendent of rolling stock and shops, Boston 
Elevated Railway Co. 


Milwaukee — Dec. 2 and 13 

Dec. 2— Madison Technical Club, Madi- 
son, Wis.; University of Wisconsin SAE Stu- 
dent Branch meeting. It Can Happen Here — 
Arthur Nutt, vice president of engineering, 
Wright Aeronautical Corp., and president 
of the SAE. 

Dec. 13 — Milwaukee Athletic Club; din- 
ner 6:30 p.m. Tanks and Other Automotive 
Equipment — Lt.-Col. H. W. Rehm, U. S. 
Ordnance Dept., Detroit. 


Northern California — Dec. 10 
Subject: Diesel Engines. 
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Bender, electrical engineer, 


Oregon — Dec. 20 


Lloyds Golf Club; dinner 6:30 p.m. Sub 
ject: Diesel Engines. 


Philadelphia — Dec. ? 


Penn Athletic Club, dinner 6:30 p.m.- 
Engine Valves- A. T. Colwell, vice presi 
dent, Thompson Products, Inc. 


Pittsburgh — Dec. 17 


Webster Hall, Pittsburgh; dinner 6;30 
p.m. Meeting at Mellon Institute. It Can 
Happen Here — Arthur Nutt, vice president 
of engineering, Wriglit Aeronautical Corp., 
and president of the SAE. SAE in National 
Defense — John A. C. Warner, secretary and 
general manager of the SAE. 


St. Louis — Dec. 17 
National Defense Meeting. 


Southern California —- Dec. 13, 19 & 20 


Dec. 13 — Elks Club, Los Angeles; dinner 
6:30 p.m. Subject: Diesel Engines. 
Dec. 19—San Diego Club, San Diego; 
dinner 6:30 p.m. Subject: Aircraft Engines. 
Dec. 20 — Deauville Club, Santa Monica; 
dinner 6:30 p.m. Subject: Aircraft Engines. 


Southern New England — Dec. 4 


Hotel Bond, Hartford, Conn.; dinner 6:30 
p.m. Visualized Air Flow — Roger Griswold, 
consulting engineer. 


Syracuse — no meeting 


Washington — Dec. 10 


Cosmos Club, Washington, D. C.; dinner 
6:30 p.m. National Defense Meeting. 
Speakers: Col. Stephen G. Henry, member 
of the staff of the Armored Force, Fort 
Knox, Ky.; Arthur Nutt, vice president of 
engineering, Wright Aeronautical Corp., and 
president of the SAE; John A. C. Warner, 
secretary and general manager of the SAE 


At a special business meeting, Oct. 17, 
members of the SAE Student Branch at the 
University of Michigan met to elect officers 
for the coming year. E. Dudley Scrogin 
and Alfred R. Bobrowsky were re-elected 
chairman and vice chairman, respectively, 
and Robert A. Sforzini was named secretary 
treasurer. 


Robert M. Salter, Jr., was elected chairman 
of the Ohio State University Student Branch 
at a meeting held Oct. 18. Other officers 
elected were: Walter Shaffer, vice chairman; 
William F. Scarberry, secretary; and Louis 
Schultz, treasurer. 
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(Continued from page 18) 


Speakers Stress Extent of 
National Defense Program 


2 So. California 


This is a serious year... . / At no time in 
history has our civilization been so threat 
ened. . . . A big burden is upon the engi- 
neers; that was the theme of Southern Cali- 
fornia Section Chairman Dr. Ulric B. Bray’s 
remarks dedicating the Section’s Oct. 1 
meeting to national defense. Preparedness 
will be the background of all meetings dur- 
ing the present emergency, he declared. 

Brief to-the-point talks covering local and 
national phases of defense, kept the tempo 
of the meeting high. Guest Chairman Wal 
ter Measday, district manager, United States 
Bureau of Foreign & Domestic Commerce, 
told how every Government department has 
some part in the national defense program. 
Not only the Army and the Navy, he said, 
but less heard of departments dealing with 
leather, rubber, textiles, machinery, food and 
a multiplicity of other products, are im- 
portant cogs in the program. 

Lt. R. E. Rowley, U. S. Army Reserves; 
Lt. Glen D. Morgan, U. S. Marine Corps 
Reserves; Lt. Joseph Jacobucci, Reserve Ofh- 
cers Training Corps at University of Call- 
fornia at Los Angeles; Sgt. Bob Robin, Cali 
fornia Military Academy; and Tommy 
Waters, Black Foxe Military Institute, all 
told of the work being done by thei 
branches of the service. 

Accomplishments of Southern California 
industrial groups in cooperation with the 
National Defense Advisory Commission were 
described by C. B. Tibbetts, vice president, 
Los Angeles Steel Casting Co. Tracy C. 
Hicks, director of Home Defense, The Los 
Angeles County Council, recounted activ- 
ities of that group. ‘National Defense and 
the Embryo Pilot” was the topic taken by 
C. F. Lienesch, superintendent of civilian 
pilot training, Civil Aeronautics Authority. 

Others on the fast-moving program were 
Randall Irwin, Lockheed Aircraft Corp.; 
Major J. Calvin Brown, Air Corps Reserves; 
Major William A. F. Millinger, who was 
technical chairman; E. W. Templin, chair- 
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R. E. Rowley (above), engineer, Los 
Angeles Department of Water & Power, 
a lieutenant in the U. S. Army Reserves, 
selects from the audience a young man 
to sit at the head table to represent 
forthcoming draftees. Seated is Sec- 
tion Chairman Dr. Ulric B. Bray 


C. F. Lienesch (right) superintendent 
of civilian pilot training, Civil Aero- 
nautics Authority, discusses ‘National 
Defense and the Embryo Pilot" 


man of the Section’s Advisory Board, who 
reported on its activities; and Carleton E. 
Stryker, secretary, SAE Aeronautical Stand- 
ards Board for National Defense. 

We must be concerned but not afraid of 
the present world situation, Mr. Stryker de- 
clared. Our defense program must be car- 
ried on at a speed to show results, he added, 
and emphasized the importance of stand- 
ardization in achieving this goal. He told 
the Section how the Society is carrying on 
a standardization program under its National 
Defense Committee in cooperation with the 
Ordnance, Quartermaster, and 
Branches of the Government. 


Aviation 


Traces Development of 
New Antiknock Fuels 


a Cleveland 


New developments in the petroleum in- 
dustry which have enabled the production 
of selected types of fuels were discussed by 
Dr. J. Bennett Hill, manager, development 
division, Shell Oil Co., in his paper, “New 
Antiknock Motor Fuels,” presented at the 
Cleveland Section’s Oct. 14 meeting. He 
particularly covered the products of the cata- 
lytic cracking processes, the various polymer 
processes, and the synthetic chemical proc- 
esses, for making iso-octane and analogous 
fuels. 

Using both lantern slides and the black- 
board, Dr. Hill showed how the require- 
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National Defense Theme of 
Southern California Meeting 





ments for motor fuels have been boosted in 
the last few years, due to advanced engine 
design and the demand for better engine 
performance. He also summarized fuel re 
quirements of modern aviation engines. 
Sponsor for the meeting was Past Sec 
tion Chairman A. O. Willey, director of 
research for the Lubri-Zol Corp. and a pro- 
fessor at the Case School of Applied Science. 


Tells How Bearings Show 
Causes of Their Failure 


“The Use and Abuse of Ball Bearings” 
was the topic up for discussion at the Buf 
falo Section’s Oct. 9 meeting. Thomas Bar- 
ish, assistant chief engineer, Marlin Rock 
well Corp., was the speaker. 

How the bearing itself usually indicates 
clearly the initial cause of its failure was 
explained by the speaker with the aid of 
numerous slides picturing failures due to 
foreign matter, misalignment, and overload. 

In introducing his paper, Mr. Barish first 
discussed the method in which a ball bear- 
ing carries its load, and told how bearings 
are constructed. He also revealed the latest 
developments in airplane-engine bearings, 
including a new straight roller bearing. In 
this connection, he described the various 
types of controllable propellers and told how 
the blades are supported. 








Mechanized Equipment for Canadian Army Division 
Increased from 4000 to 172,470 hp Since Last War 


= Canadian 
meet urgent war demands for mechanized equipment, Canada’s automo- 

tive industry is building great new factories, adding hundreds of thousands 
of square feet to already productive floor space. It is faced with present govern- 
ment orders for 80,000 units, more than 50% of the country’s normal annual 


peacetime production of passenger and commercial units. 


Addressing the Canadian Section, Oct. 14, 
Roy D. Kerby, assistant to the president and 
director of public relations, General Motors 
of Canada, Ltd., left no doubt but that the 
government has found the country both 
willing and ready to do its part. 

“War has become a struggle in which 
nations match their material resources, their 
industrial genius, the skill and industry of 
their workers and business leaders,” Mr. 
Kerby told his audience. Emphasizing this, 
he pointed out that in 1916 a division had 
4000 hp with which to fight, while today 
it has 172,470 hp powering 2710 vehicles of 
37 different types. Behind today’s division, 
he added, are corps troops with 5235 vehi- 
cles of 49 types, with a combined total of 
347,300 hp. For a corps of two divisions, 
such as Canada now has in England, there 
are required 10,470 vehicles, he said, enough 
to form a 40-mile procession. 

Mr. Kerby paid tribute to the automotive 
industry as a training ground for skilled 
men, as a stimulus to the country’s steel 
industry, for the development of alloy and 
other forging quality steels on a quantity 
basis, and for the present productive facilities 
in Canada for rubber, brass, lead, and many 
other materials essential to war effort. He 
further complimented the industry for its 
ability to “so quickly adapt itself to this 
extensive business of building mechanized 
war machines without in any way disrupting 
its capacity to take care of regular domestic 
demands.” 

“It is important,” he added, “so far as 
possible, to maintain our own markets in 
Canada and to supply the goods our own 
people need and so contribute to the eco 
nomic stability of our country.” 

Mr. Kerby emphasized that war is an 
engineering job, a production job, and a 
financial job of tremendous proportions. 
Some $225,000,000 is being spent on new 
plants and to enlarge existing plants, he 
revealed, adding that Canada is launched on 
a production program which may cost as 
much as $800,000,000. 

Referring to the 80,000 units now on 
order, he stated that within three months 
after the signing of the first requisition in 
Ottawa, the finished product was coming off 
the end of the assembly line. No mean job, 
he added, when one realizes that there is 
absolutely no relation, except the motor, be 
tween the mechanized unit as produced for 
war purposes and that as produced for home 
consumption. 

Government Department Engineers wer« 
praised by Mr. Kerby “for their great effort 
and cooperation with the automobile manu- 
facturers in the designing of these mech- 
anized vehicles in order that standardization 
to facilitate their manufacture could be car- 
ried out as far as possible.” 

The willingness of the Canadian automo 
tive manufacturer to fulfill his obligation to 
his country and to give everything he has, if 
necessary, to the winning of this war is 
evidenced, Mr. Kerby said, by the fact that 
the manufacturers themselves are paying for 
the new plants and additions for war pro 


What of 
Motor Car Production ? 


ANADA at war ... National 

defense paramount in the 
United States . . . Mechanized 
military equipment coming off 
automotive production lines in 
both countries. What of domes- 
tic production? Here are an- 
swers from both sides of the 
friendly border: 


"The motor car is a wartime 
necessity — not a luxury,'' Cana- 
dian Section members heard 
from Roy D. Kerby, General 
Motors of Canada, Ltd. "It is 
vitally important,'' he con- 
tended, "so far as possible to 
maintain our markets and to 
supply the goods our people 
need and so contribute to the 
economic stability of our coun- 
try . . . Transportation is the 
basis of all weal'h . . . without it 
the gold and silver would still be 
in the hills . . . our great wheat 
fields never would reap the rich 
harvests.” 


In Chicago, Norman G. 
Shidle, excutive editor, SAE 
Journal, emphasized: ''Restric- 
tions on automobile production 
or the use of automobiles in the 
United States would not help 
national defense activities. .. . 
Serious curtailment of automo- 
bile use, even during wartime, 
might easily bring greater up- 
sets to our social and economic 
life than could possibly be offset 
by the advantages of such cur- 
tailment.” 


36 


duction. He referred to a recent statement 
by Col. R. S. McLaughlin, president of Gen- 
eral Motors of Canada, Ltd., to the effect 
“that at any time should the government 
require the service of our entire plant and 
capacity they will only have to ask once.” 
Mr. Kerby supplemented his talk with a 
showing of the film, “Motors on the March,” 
picturing the production of army vehicles 
and other war materiel by GM of Canada. 
Host of the meeting, which was attended 
by nearly 100 members and guests, was the 
Dunlop Tire & Rubber Goods Co. Ltd. 
Presiding was Section Chairman Norman H. 


Daniel. 


Predicts Defense Needs 
Won't Bar 1942 Models ” 
a cago 


“There will be 1942 automobile models — 
although national defense demands on car 
manufacturers may definitely restrict the 
scope of design changes during the next 12 
months,” was the opinion expressed by Nor 
man G. Shidle, executive editor, SAE Jour 
nal, at the Chicago Section’s Oct. 29 
meeting, sharing the ‘“‘crystal-ball-gazing” 
program with Editor William C. Callahan of 
Automobile Topics, who pictured the indus 
try’s relationship with the national defenss 
program. 

Automobile manufacturers, Mr. Shidle said 
when introduced by Technical Chairman 
Howard C. Pile, are determined to forward 
national defense activities in every possible 
way. They are certain to carry out the 
spirit and letter of the resolution which they 
adopted officially early in October to “sub 
ordinate work on automobile model changes 
to the necessities of the national defense pro 
gram and specifically to aviation procure 
ment.”” Mr. Shidle emphasized. however, 
that “business as usual” is extremely desir 
able until “unusual business” is definitely at 
hand in a particular case. 

Restrictions on automobile production o1 
on the use of automobiles would not help 
national defense activities, Mr. Shidle stated, 
pointing out that serious curtailment ot 
automobile use in the United States, even 
during war time, might easily bring greater 
upsets to our social and economic life than 
could possibly be offset by the advantages of 
such curtailment. 

“The United States has built its economic 
existence on automobile transportation in a 
way that has not even a remote counterpart 
in any European country — nor in this coun 
try’s position during World War I,” accord 
ing to Mr. Shidle. “Serious curtailment o! 
the use of private cars in the United States 
at any time,” he concluded, “would mean 
serious curtailment of the efficiency of our 
people — and serious curtailment of their abil- 
ity to do the national defense job properly.” 

In a world gone berserk, said Mr. Calla 
han, we must build defenses and, since the 
aggressors have elected to fight it out on 
wheels and wings, we could not ask for a 
better choice of weapons should we be at 
tacked. Time is short, the need urgent, but 
the automobile industry is showing itselt 
equal to the task, he said, pointing out the 
role car makers already are taking in_ the 
production of aircraft engines, armored cars, 
tanks, and other mechanized equipment for 
national defense. Need for a better aircraft 
gun, a field in which there has been little 
advance since the last war, the speaker in- 
dicated, is a particular branch of defense 
requirement in which automotive engineers 
might well contribute talent in design and 
development. 
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In closing his talk, Mr. Callahan stated 
that automotive engineers can and will un 
questionably add much in the way of devel 
opment of new defense equipment both in 
the air and on the ground. “It is your job 
and I haven’t any doubt about your ability 
to do it,” he declared. 


Airline and Vehicle Fleet 
Operators Compare Notes 


= Metropolitan 


Similarities and differences between air 
line and vehicle maintenance methods wer¢ 
traced by speakers before the Metropolitan 
Section, Nov. 14, when aircraft, truck, and 
bus maintenance experts discussed their re 
spective problems at an unusual “joint meet 
ing” sponsored by the Section’s Aircraft, and 
Transportation & Maintenance Activities. 

As soon as Chairman Rudolph Gagg un 
scrambled the “barristerish” array of ex 
perts, “Brower, Miller, Miller, Martin, 
Laurie & Cumming”, R. A. Miller and J. F. 
Martin, American Airlines, Inc., were intro 
duced by Vice Chairman Gilbert K. Brower 
They described, in their joint paper read by 
Mr. Miller, the preventive maintenance 
program of their: company, disclosing an 
intricate and exacting schedule of operations 
required to keep their fleet of 81 airliners in 
safe operating condition. 

More than 16 employees are required to 
each ship of this fleet, a total of 
more than 1300 men and women —som«e 
working on the second and third shifts re 
quired in some of the maintenance depart 
ments, the authors reported. 

The minimum inspection and 
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overhaul 
requirements set by the government are less 
stringent than company requirements, they 
said, adding that this intense program has 
been established by the company in_ the 
interest of safety and of keeping as many 
ships of the fleet as possible in perfect oper 
ating condition. 

Careful check on the weight of each ship 
is made, they noted, pointing out that it 
one pound of additional weight is incorpo 
rated on each of the 81 ships, the computed 
loss to the company in allowed revenuc 
would amount to about $1600 per vear. 

Gavin W. Laurie, SAE vice president and 
manager of the automotive transportation 
department of the Atlantic Refining Co.. 
Philadelphia, pointed out that airlines appear 
to have standardized on one make of air 
craft and one make of engine to a consider 
able extent. Most truck fleets, he 
out, are 


pointed 
composed of 
number of makes. 


many models of a 


Preventive maintenance is coming into 
general practice in the motor-vehicle oper 
ating business, William J. Cumming, super 
intendent, Surface ‘Transportation 
pointed out. He 
pe riodic 


Corp., 
described the routine of 
Inspection, including exhaustiv: 
magnaflux tests, made by his company. 

Robert L. Miller, vice chairman of th 
Section’s Transnortation & Maintenance Act 
tivity, opened the meeting to discussion, and 
introduced a moving picture, furnished by 
the airline, showing many of its maint 
nance operations. 


Maintenance Topic of 
Round-Table Discussion 


a Northwest 
Five men, each an expert in his field, 
packed valuable facts and 


opinions into 
short discussion-stimulating 


papers at the 
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Northwest Section’s Maintenance 
Table Meeting in Seattle, Sept. 20. 

Electrical equipment was the first topic 
of the evening and that was handled by 
George Hundsdorfer, Grant Auto Electric 
Co. The automotive engine, he declared, 
is a highly sensitive and intricate piece of 
mechanism which requires exact, intelligent 
adjustments and product is 
horsepower, and horsepower is often lost at 
the rate of 1 hp per 1ooo miles of driving, 
through wear and lack of proper adjust 
ments, especially of the electrical and car 
buretion systems. 


Round 


service. Its 


These losses, he declared, 
can be minimized through periodic inspec 
tion by well-trained personnel equipped with 
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scientific instruments, together with careful 
tune-up, when needed, according to manu- 
facturers’ standards. 

The matter of choosing proper lubricating 
oils was next; covered by R. A. McMurtrie, 
Union Oil Co. of Calif. The viscosity of an 
il has much to do with correct cylinder 
lubrication, Mr. McMurtrie explained. “One 
must always consider,” he said, “that should 
the oil be too light, the greater, generally, 
is the gas pressure behind the ring, and less 
is the tendency for oil film to form, and 
more easily is it squeezed from between the 
ring and the cylinder wall, increasing the 
likelihood of metal-to-metal contact.” 

He expressed his opinion that lubricating 





When skittery horses still had 

the right of way... when 
sputtering horsepower was 
driven through rattling chain 

drives . . . SPICER was work- 

ing hand in hand with auto- 
motive manufacturers, toward 

their development of the bi 
second largest industry in P 
the world today. 

38 years of ceaseless experi- 
menting, building, testing... 
always going forward with E 
new automotive power trans- 
mission achievements 
always ready to cooperate 
with new requirements and 
new goals in the automotive 
field ... this is the SPICER 
record of engineering and 
production. SPICER MANU- 
FACTURING CorpP., Toledo, O. be 
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oils of the following two main characteris- 
tics should be selected: first, correct viscosity 
for the type of engine and operating condi- 
tions and, second, maximum chemical stabil- 
ity. It is the growing opinion, he stated, 
that oil of at least an SAE 20, possessing a 
high viscosity index, should be used in the 
present-day automobile to suppress or mini- 
mize wear. It is generally agreed, he added, 
that an oil of this weight is necessary to 
form sufficient cushion to withstand shocks 
present in modern engines. 

Next on the agenda was the subject of 
gasoline selection and carburetion, discussed 
by Harry Kuhe, Ethyl Gasoline Corp. He 
told operators that two major opportunities 
exist today to haul heavier payloads, main 
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TO DETROIT 


For The 


ANNUAL MEETING 


And 


ENGINEERING DISPLAY 


Have more time at the Annual Meeting 
in Detroit, January 6-10... spend fewer 
days away from home. United offers 
fast, economical service from New York, 
Philadelphia and ''Everywhere West'' to 
Detroit. 

From New York, 41/6 hrs. 

From Philadelphia, 3!/2 hrs. 

From Denver, 7!/, hrs. 

From Los Angeles, 1434 hrs. 

From San Francisco, 15!/4 hrs. 

From Portland, 15!/, hrs. 

From Seattle, 16!/2 hrs. 


Equally fast service from over 
a score of other cities 


United’s Nation-wide Lerwice 
United's Main Line Airway leads arrow-straight 
across the nation . . . linking the East with 
"Everywhere West''. Only overnight coast-to- 
ceast in thru Mainliner sleepers. Chicago to 
New York only 3 hrs. 59 min. non-stop, Los An 
geles to San Francisco only 2 hrs. Fast, eco 
nomical, comfortable. 


Call Travel Agents, Hotels or 
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tain taster schedules, and reduce operating 
costs. The first of these, he said, is to in- 
crease engine compression ratios to get more 
work from today’s better gasolines, and the 
second, by adjusting modern high-compres 
sion engines so that they produce the great 
est possible power from these modern fuels. 

More power, lower cooling-water and ex 
heust-gas temperatures, and lower average 
bearing pressures at the higher speeds, wer: 
listed by Mr. Kuhe as the results of increas 
ing compression ratios. 

The higher antiknock value of present 
gasolines may be used, he explained, simply 
to reduce knocking or eliminate it alto 
gether; to increase average operating speeds; 
to increase payload; to decrease fuel con 
sumption; or to effect any combination of 
the above advantages in proportions most 
desirable for a given operation. 

Mr. Kuhe pointed out that four factors 
determine the quality of any gasoline and 
the price at which it is sold: purity, vola- 
tility, vapor pressure, and antiknock value. 

Pistons and piston rings were treated by 
Newton Buren, Tsungani Piston Co., who 
presented the results of a series of tests run 
for the purpose of determining optimum 
ring and piston clearances. He expressed his 
opinion that marked changes in piston and 
ring design seem to be a thing of the past, 
and that future improvements will likely be 
refinements of present types. 

Harry Whitaker, Washington Bearing Ser- 
vice, discussed proper procedure in bearing 
adjustment and replacement, stressing the 
need for careful work and attention to ac- 
curacy. “We hear a great deal about accu- 
racy in bearing service, but I believe 
accuracy without cleanliness is practically 
useless,” he declared. “In other words, what 
is accomplished by the use of a torque indi 
cating wrench if the mechanic does not take 
particular care to remove all traces of foreign 
materials from the rod and bearing cap be 
fore placing the bearing itself into position? 
The result, if the particle is big enough and 
hard enough, is sure to be a high spot on 
the bearing surface. This will very likely 
destroy lubrication at that point and pave 
the way for early failure of the bearing.” 


Periodic Brake Service 
Cuts Maintenance Costs 


= New England 

Hit-or-miss systems of brake maintenance 
were thoroughly condemned by Stephen 
Johnson, Jr., general engineer, Bendix-West- 
inghouse Automotive Air Brake ‘Co., in 
addressing the New England Section, Oct. 8. 
Despite the fact that modern traffic demands 
that vehicles meet the highest standards fo: 
safety and operation, he declared, too few 
of the fleet operators who practice periodic 
inspection and maintenance of motors, trans- 
missions, electrical equipment, and steering, 
give similar attention to brakes. 

Mr. Johnson emphasized the safety aspect 
of keeping brakes in the best possible order, 
but did not hesitate also to point out that 
proper, scheduled brake maintenance means 
money to the operator. He cited, as a case 
study, experience with a fleet operating be- 
tween Cincinnati, Pittsburgh, New York, 
and Boston. Constant complaints were made 
of poor brake drum and lining life, unsatis- 
factory stopping ability, trailers bumping 
tractors, and jack-knifing. 

“We arranged to have this operator send 
the vehicles that were giving the most trou- 
ble to our service station,” Mr. Johnson 
reported. “As each unit came in, we care- 
fully analyzed it, balanced the brakes; that 
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is, we modihed the brakes so that wall brake 
shoes on the vehicle were contacting th 
drum at the same low pressure at the same 
time during the brake application. We also 
made sure that the retarding force devel 
oped by each wheel closely approached the 
designed ‘retarding force. This is very es 
sential to obtain proper lining and drum 
life, based upon our experience to dat 
Then, we arranged to have the vehicle re 
turned at regular intervals, on a mileage 
basis, for brake inspection and maintenance. 
The results were amazing. Brake com 
plaints ceased, lining life doubled, and in 
some cases tripled, and brake performance 
improved 50 to 75%.” 

This, he said, is not an unusual case; data 
from similar operations have shown con 
clusively that a comprehensive brake-analysis 
and maintenance program results in finer 
brake performance and lower maintenance 
cost. 

Mr. Johnson devoted the bulk of his paper 
to details of the program, emphasizing many 
of his points with charts compiled from data 
obtained by testing vehicles in actual ser 
vice, 


Chairman Joseph E.. Noon opened the 
meeting, which was the first of the year, by 
introducing the new Section officers. 


Zeder Discusses Traits 
Employers Value in Men 


aU. of Michigan 


Ability to reason rather than to memorize, 
and intellectual inquisitiveness and stamina 
which lead to rapid and thorough accom 
plishment, are the qualifications and char 
acteristics that an employer values most 
highly in his employees, James C. Zeder, 
chief engineer, Chrysler Corp., told member: 
of the SAE Student Branch at the University 
of Michigan, Oct. 10. 

Methods used by Chrysler in training 
newly-employed engineering graduates wer 
also explained by Mr. Zeder, who was intro 
duced by Prof. W. E. Lay of the University’s 
mechanical engineering staff. 

A. C. Staley, dean of the Chrysler Engi 
neering Institute and chairman of student 
activities for the Detroit Section, discussed 
the benefits accruing to student members 
of the Society. This theme was developed 
further by R. B. Sneed, Ethyl Gasolin« 
Corp., vice chairman of student activities. 

On Oct. 21, a group of undergraduate 
members joined the Detroit Section in an 
inspection of Edison Institute, followed by 
a meeting and dinner at Dearborn Inn, 
Dearborn, Mich. 


Students Visit Pits 
At Dirt-Track Races . 
a M.1. T. 


Armistice Day saw members of the SAF 
Student Branch at Massachusetts Institute of 
Technology in the pits and interviewing 
dirt-track race drivers at the Topsfield. 
Mass., Fair Grounds. They did their part 
to help out, for when one of the cars was 
wrecked the students were first on the track, 
clearing away the debris and generally aid- 
ing in keeping “‘business as usual.” 

On the following evening, Nov. 12, the 
Branch went en masse to the New England 
Section’s dinner meeting where their faculty 
adviser, Dean A. Fales, associate professor 
of automotive engineering at M.I.T., was 
the principal speaker. 
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Power Transmissions for Buses 


By G. A. Green 


Vice-President, General Motors Truck & Coach, Division of Yellow Truck & Coach Mfg. Co. 


URRENT production transmission designs of- 
fered by the world’s eight leading bus manu- 
facturers are reviewed in this paper. It includes 
illustrations and brief descriptions of the follow- 
ing: electrical propulsion; semi-automatic plane- 
tary transmissions; fluid flywheels; hydraulic 
transmissions with both manual and automatic 
controls; synchromesh transmissions; transmis- 
sions other than synchromesh, automatic or semi- 
automatic; and methods of providing drive be- 
tween transmissions and rear axles for American 
vehicles with transversely mounted rear and un- 
derfloor engines. 


The discussion is restricted to transit-type buses 
since vehicles with engines out in front under any 
form of hood are, in so far as concerns American 
practice, practically extinct. 


The paper is largely a review of current Ameri- 
can practices, and it is believed that the explana- 
tory data, together with the illustrations, will per- 
mit those interested to compare readily the differ- 

-ent methods employed. 


HE problem of providing a satisfactory bus transmission 

has existed since this type of vehicle first was produced 

and, while many inventors have struggled manfully to 
develop a better mechanism, it must be admitted that progress 
has been slow. It is, of course, obvious that today’s transmis- 
sions are, mechanically speaking, infinitely superior to yester- 
day’s but, in my opinion, transmission designs have not kept 
pace with the progress of the vehicle as a whole. 

During the last few years our entire transportation system 
has become more complex. Improved highways permit higher 
road speeds. Then also, buses operate through vastly more 
congested districts. At the same time, more and more is being 
demanded with respect to safety, comfort, convenience, and 
performance. These factors have emphasized the shortcom- 
ings of conventional transmissions, particularly in city service 
where buses must operate in congested thoroughfares with 
thousands of stops and starts daily. 

Most city service buses are operated by one man who, in 
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addition to driving, is responsible for the safety, comfort, and 
convenience of the passengers; maintenance of schedules; he 
must open and close doors; collect fares; make change; issue 
transfers; and so on. A tired driver means an inefficient driver, 
with accidents as a possible consequence. Obviously, anything 
that can be done to reduce the driver’s physical effort is a 
matter of paramount importance. 

Better transmissions would, of course, be appreciated by the 
operators of intercity buses but, due to the relatively fewer 
stops and starts, the need is not so pressing. 

The need for better truck transmissions is also apparent. 


[— Electrical Propulsion 


Electrical propulsion has proved to be a practical and de- 
pendable mechanism ideally suited for mass transportation. 
The outstanding advantages are understood and appreciated 
by all motor-bus operators. All of the important European 
and American manufacturers have, from time to time, built 
this class of equipment and, in general, the performance has 
been highly satisfactory. Electrically propelled vehicles are so 
well known that there seems little need for a detail description 
here. . 

Under electrical propulsion are included vehicles driven 
with gasoline or diesel engines located either transversely at 
the rear, or under the floor, the trolley bus and the all-purpose 
vehicle. 

Fig. 1 shows a chassis plan and side view of the ACF 40- 
passenger gasoline-electric. The standard underfloor 6-cyl 707 
cu in. powerplant arrangement is employed; the generator is 
connected directly to the engine; the single-propulsion motor 
is located behind the double-reduction rear axle. 

Fig. 2 shows a chassis plan of the White 40-passenger gaso- 
line electric. Its standard underfloor 12-cyl 681 cu in. power- 
plant arrangement is employed; the generator is connected 
directly to the engine; the single-propulsion motor is located 
behind the double-reduction rear axle. 

Fig. 3 shows the Yellow Coach 36-passenger all-purpose 
vehicle, which is a combination gasoline-electric trolley coach. 
This vehicle was originated by Public Service of Newark, 
N. J. The design was carried out jointly by Public Service 
and our engineers. The obvious advantage of this type of 
vehicle is that it can be operated as a trolley bus using current 
generated at a central power station, or through the electrical 
output of its own powerplant. A supercharged 450 cu in. 
6-cyl gasoline engine is employed; the engine and generator 
are mounted separately transversely at the rear of the vehicle 
on a sub-frame; the generator is driven through a flexible 
rubber-ball type propeller shaft. The two propulsion motors 
are located ahead of the double-bowl worm-driven rear axle. 

Diesel and gasoline electrically propelled vehicles have been 
and still are built with both single and dual-propulsion mo- 
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Fig. |-ACF 40-passenger gasoline-electric 

Fig. 2— White 40-passenger gasoline-electric 

Fig. 3— Yellow Coach all-purpose vehicle 

Fig. 4—Yellow Coach 36-passenger diesel-electric 


tors, but today the general preference is for the single motor, 
which construction permits a decrease in both weight and cost. 

Fig. 4 shows a chassis plan and side view of our 36-pas- 
senger diesel-electric. A 426 cu in. 6cyl 2-cycle General 
Motors diesel engine is employed. The engine is mounted 
transversely at the rear of the vehicle; the generator is di- 
rectly connected to the engine; the single-propulsion motor is 
mounted ahead of the double-reduction rear axle. 


Fig. 5 shows a rear-end view of the powerplant of this 
vehicle. Note the accessibility of the direct-driven air com- 
pressor and lighting generator. 

Fig. 6 shows a rear-end view of the powerplant of the Twin 
Coach 36-passenger diesel-electric. A 6-cyl, 474 cu in. 4-cycle 
Hercules diesel engine is employed. The engine is mounted 
transversely at the rear of the vehicle; the generator is directly 
connected to the engine. 

The first American production gasoline-electric buses were 
produced in 1918. The approximate total number of electrical 
equipments delivered to date by General Electric and West- 
inghouse is 2600. 

The trolley bus of late has aroused considerable interest, 
and some noteworthy departures have been made from what 
might be termed conventional practice, for designers have 
taken advantage of what has been learned concerning the 
installation of transversely mounted rear engines, with partic- 
ular emphasis on the matter of weight distribution, accessi- 
bility, and so on, and today trolley buses are found with all 
of the operating mechanism mounted at the rear. Outstanding 
examples of this construction have been developed by Twin 
Coach and St. Louis Car. A still later design is shown in 
Fig. 7; it was developed by our engineers in collaboration 
with engineers of the Milwaukee Electric Railway and Trans- 
port Co. The vehicle is 34% ft long and 104 in. wide, seats 
41 passengers, and weighs 19,200 lb completely equipped for 
service. The acceleration can be adjusted to any desired rate 
up to approximately 3.5 mph per sec. 

Fig. 8 indicates the extent to which the mechanism has been 
concentrated at the rear of this vehicle, its accessibility, and 
so on. The 125-hp 600-v electric motor, with all of the control 
units, is mounted in a compartment under the rear cross-seat. 
An auxiliary 600-v motor also is mounted in the rear compart- 
ment and arranged to drive a 12-v generator, an automotive 
air compressor, and a large Sirocco blower, which provides 
adequate ventilation. 

The first American production trolley bus was built in 
1928. The approximate total number of trolley-bus equip- 
ments delivered to date by General Electric and Westinghouse 
is 2100. 

Electrical propulsion has played a tremendously important 
part in the growth and development of the motor-bus indus- 
try. A completely automatic, infinitely variable transmission 
has been the aim of scores of engineers but, for many years, 
the only practical form of this mechanism which has with- 
stood the test of time has been electrical propulsion. 


II —Semi-Automatic Planetary Transmissions 
A. E. C.-Wilson Semi-Automatic Transmission 


While various European semi-automatic and automatic 
types of transmissions have, from time to time, been built 
experimentally and in limited production quantities, of the 
various gear types, only one has attained any notable success, 
namely, the Wilson semi-automatic planetary system. For 
constructional details see Fig. 9. The manufacture of these 
transmissions was commenced in 1931, and to date approxt- 
mately 7ooo have been delivered. These transmissions are 
manufactured by the Daimler Company, Ltd., Coventry, 
England, and The Associated Equipment Company, Ltd., 
Southall, Middlesex. Practically all of these transmissions are 
equipped with fluid flywheels; however, this type of transmis- 
sion may be used in combination with any type of clutch. 

In 1938, 50% of the buses manufactured by the Associated 
Equipment Co. were provided with Wilson transmissions and 
fluid flywheels, and over the same period all of the buses 
manufactured by the Daimler Co. incorporated this mech- 
anism as standard equipment. The combination of a fluid 
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flywheel and Wilson transmission costs considerably more 
than a conventional clutch and transmission. With the 
Daimler Co. the additional cost is included in the selling price 
but, with A.E.C. where prices are quoted for vehicles incor 
porating conventional clutches and transmissions as standard 
production, an additional charge of approximately $500 is 
made for the Wilson transmission and fluid flywheel. 

A large percentage of London’s 7000 buses, as operated by 
London Transport, are equipped with Wilson transmissions 
and fluid flywheels. The operation appears to be very satis 
factory. The majority of the users are of the opinion that the 
maintenance costs are less with this transmission than with 
the conventional arrangement, which is described by the 
British, and I think quite properly, as the “crash box.” 

London Transport, the operators of London buses, report 
that the overhaul periods for this transmission are between 
50,000 and 100,000 miles, and that, after 100,000 miles, most 
of the bearings and plain bushings require renewal. Some of 
the brake bands are relined and, in some instances, the drums 
are turned down to a second standard. Their opinion is that 
the success of this transmission largely depends upon the 
automatic adjustment of the brake bands and, in this respect, 
the design differs from other planetary systems. 

Fig. 10 shows, schematically, the planet combinations for 
the different drive ratios. Several ratio combinations are fur- 
nished to meet different requirements. Essentially the mech- 
anism consists in four epicyclic trains compounded to provide 
practical steps in ratios with a direct-drive friction clutch 
which locks the entire train of gears. Intermediate forward 
ratios and reverse are effected by external brake bands acting 
separately on the planet housings of the four epicyclic trains. 

Fig. 11 shows the complete transmission brake-band and 
selection assembly which is mounted integrally on the bottom 
of the transmission cover. 

The actual movement of the bands is very small and it was 
found impractical to compensate for the brake-band wear and 
other variables by manual adjustment. To overcome this diffi- 
culty an ingenious automatic adjusting device was developed; 
it is shown on Fig. 12. The mechanism consists essentially of 
a ratchet-actuated pull-rod adjusting nut so arranged that 
over-travel resulting from wear causes a cam-shaped striker 
plate to engage adjustable stops. The striker plate is rotated 
by engagement with the stops, and the adjusting nut is 
tightened. 

Two controls are required, a foot pedal which operates the 
transmission brake-band bus bar and a selector quadrant 
which operates the brake-band selector camshaft. The desired 
gear is preselected by: first, moving the selector quadrant to 
the desired gear position, which forces the proper brake band 
actuating strut into operative position with the bus bar; sec- 
ond, depressing and then releasing the foot pedal which locks 
the proper brake bands. 

Fig. 13 shows the transmission assembled in a chassis. The 
arrangement is neat, and there are only two control connec 
tions, the change-speed pedal rod and the gear-selector rod. 


Yellow Coach Semi-Automatic Transmission 


In 1934, there was brought to the attention of the Omnibus 
Corp. a semi-automatic planetary-type transmission. Several 
of the officials were given demonstrations in a car equipped 
with one of these transmissions. The performance was sufh- 
ciently good to arouse their active interest. 

In due course, Omnibus referred the device to us. The net 
result was the preparation of a tentative bus transmission 
design. Several samples were then built and tested. When 
the tests had progressed sufficiently far, the mechanism was 
released for production. A total of approximately 600 have 
been built to date. These transmissions have given a good 
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5—Rear-end view of the powerplant of the Yellow 
Coach 36-passenger diesel-electric 


- 6—Rear-end view of the powerplant of the Twin Coach 
36-passenger diesel-electric 


- 7-Yellow Coach 41-passenger trolley bus 


: 8 — Mounting of the 600-v electric motor of the trolley 
of Fig. 7, with all its control units under the rear cross- 
seat 





4 S.A.E. JOURNAL Vol. 46, No. 1 









































(Transactions) 
account of themselves and have accumulated many millions 
TOP SPEED ied SPEED DRUM ind SPEED DRUM ist SPEED DRUM REVERSE SPEED ° ° ° ‘ pine * ° . a 
PLATE CLUTCH XN Lig DRUM of miles of service. The cooperation received from the Omni- 
} rt T =" T . : . . : 
2 | bus Corp. engineers was in no small measure responsible for 
INPUT FLANGE ~~ OUTPUT FLANGE : i : ‘ : 
= a the successful completion of the project. Constructional de- 
= we yy tails of the transmission are illustrated in Fig. 14. 
f : = - The transmission is basically a three-speed and reverse 
t = . 
4 planetary unit in which the usual friction bands and friction 
os clutches have been replaced by centrifugally operated jaw 
oh ay aul = . . . Wi 3 - * » 
ST) PE ONTER clutches. It is semi-automatic in that the normal sequence of 
———11] RUNNING GEAR forward speed changes is effected by the operation of the 
ol ADJUSTING RING ” ; . ¥ , ; 
© accelerator pedal and is, therefore, under the driver’s con- 





trol. The shifts to lower ratios occur automatically provided 
the torque being transmitted from the engine to the wheels or 
vice-versa is small. 





The transmission consists of a two-step planet with first and 
reverse sun-gear driveshaft and concentric second-speed quill 
driveshaft. In first and second speeds the planet reaction is 
taken by means of a roller clutch. In direct drive the entire 
planet system is locked and revolves as a whole, the planet 
roller clutch free wheeling. Reverse is obtained through the 
same planet system by disconnecting the planet roller clutch 
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Fig. 13 — Wilson transmission assembled in chassis 














Fig. 9-A. E. C.-Wilson four-speed semi-automatic trans- 
mission 
Fig. 15 — Auto- 
matic clutch for 
Yellow Coach 
semi - automatic 
transmission 


Fig. 10—Planetary elements of Wilson semi-automatic trans- 
mission 


Fig. 12 — Self-adjusting brake-band mechanism of Wilson semi- 
automatic transmission 


Fig. 14-Yellow Coach three-speed semi-automatic plane- 
tary-type transmission 
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Fig. 16—Schematic illustration of operation of fluid flywheel 


and locking the second-speed quill shatt. The planet then 
revolves in a reverse direction. 

To permit the overrun of the first-speed driveshaft when 
the transmission is operated in second gear, another roller 
clutch is interposed between the first-speed shaft and the main 
clutch. 

Second speed and direct-drive engagement are effected by 
means of separate centrifugal dog-type clutches which can 
only engage when the speeds of the meshing parts are 
synchronized. 

A forward-neutral-reverse lever is provided on the dash 
and, with the accelerator pedal, are the only normal controls 
required. For emergencies a foot button is provided permit- 
ting an instantaneous shift from direct to second; this shift is 
accomplished by an air-operated cylinder which forces the 
direct-speed clutch out of engagement. 

When the vehicle is stationary, assuming that the control 
lever is in the forward position, with the engine idling, the 
second, direct, and main clutches are disengaged and the 
transmission is in low gear. 

To start the vehicle, the accelerator is depressed; the cen- 
trifugal main clutch then engages softly at about 600 rpm. 
As the vehicle gains momentum, the second-speed clutch is 
actuated and the faces of the engaging teeth are brought 
lightly into contact. 

To shift from first to second gear, the driver releases the 
accelerator, allowing the engine speed to decrease until the 
mating teeth of the second-speed clutch synchronize, at which 
time engagement takes place. 

To shift from second to direct gear, the driver releases the 
accelerator pedal, eliminating the reaction torque which has 
held the planets and carrier stationary. The planets, driven by 
the momentum of the vehicle, revolve in the same direction as 
the engine actuating the direct drive clutch and, when the 
planet and driveshaft speeds synchronize, the direct-drive 
clutch engages. 

To shift from direct to second gear, the driver releases the 
accelerator pedal and, when the vehicle speed has decreased 
to a predetermined point, the direct-speed clutch disengages. 

To shift from second to first gear, exactly the same proce 
dure is used as in shifting from direct to second gear. 

Fig. 15 shows the main clutch which is an automatic cen 
trifugally operated expanding-shoe type with an operating 
toggle system providing a wide differential between the en 
gaging and disengaging speeds. This characteristic is neces- 
sary as the clutch must transmit full engine torque at relatively 
low speeds while in direct drive. The clutch is engaged at all 
times until the engine speed drops to around 500 rpm. 

The toggle operating mechanism is mounted on a forged- 
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steel spider; the centrifugal weights are heat-treated steel forg- 
ings; the shoe structure is made up from hydrogen welded 
steel plate. 


lil —Fluid Flywheels 


Fig. 16 shows graphically and in elementary form the 
fundamentals underlying the operation of any fluid flywheel, 
which mechanism is sometimes described as a fluid coupling, 
a hydraulic coupling, a hydro-kinetic coupling, and so on. 
This mechanism is essentially a slipping clutch where the 
amount of slip is determined by the torque required on the 
driven member or runner. When this torque exceeds the 
engine torque, the slip is 100% and the runner is stationary, 
which condition exists momentarily when the vehicle is 
started, but the torque required and the subsequent slip de 
creases rapidly as the speed increases. 

Since the amount of slip cannot be controlled by the driver, 
the fluid flywheel is foolproof, in so far as shocks or jerky 
action is concerned, and it is impossible to transmit loads 
greater than engine torque. But, since no torque increase can 
be obtained with this device, it is necessary to use some form 
of gear box to provide the torque required for starting and for 
climbing grades. 

Because of the inherently soft action of the fluid flywheel, 
starts may be made in faster gears than with the conventional 
clutch, but the efficiency under such conditions is low and 
results in overheating and high fuel consumption. For this 
reason, the fluid flywheel is more practical when used in com- 
bination with some form of fully automatic transmission, 
preferably one responsive to torque requirements so that an 
efficient ratio always will obtain independent of the driver. 

Since, as compared with a conventional clutch friction disc, 
the fluid flywheel driven member, or runner, is considerably 
heavier and since there is always a tendency for this member 
to rotate, even when the engine is idling, where fluid flywheels 
are used in conjunction with conventional sliding-gear type 
transmissions, it is necessary to employ either a separate fric- 
tion clutch or a free-wheeling device to disconnect the fluid 
flywheel driven member, or runner, from the drive line while 
shifts are being effected. 

Fig. 17 shows the type of fluid flywheel used in conjunction 
with the Wilson transmission as manufactured by the Asso- 
ciated Equipment and Daimler Cos. Practically no mainte- 
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Fig. 17 — Fluid fly- 
wheel used in con- 
junction with the 
Wilson transmission 





wwe 








6 S.A.E. JOURNAL 





Vol. 46, No. 1 


(Transactions) 


nance is necessary other than the addition of a small amount 
of fluid from time to time. It will be seen that the engine 
flywheel forms the housing for the fluid fywheel. The driving 
member is bolted direct to this part. The driven member or 
runner is bolted to the output shaft which is supported on 
two ball bearings, one in the housing and one in the turbine. 
The runner shaft is splined for the coupling flange, and a 
packing gland is provided to prevent fluid loss. The thrust on 
the driven member or runner is taken by the ball bearing on 
the output end of the shaft. 


[V —Hydraulic Transmissions 
The Yellow Coach Hydraulic Transmission 


The net result of extensive investigations undertaken by 
our organization has convinced us that the ideal form of 
transmission for city service vehicles should be fully automatic, 
quiet, light in weight, one which does not need any particular 
skill to insure satisfactory operation, and one which will 
operate at minimum expense. In our opinion, of the various 
transmissions tested to date, the hydraulic system best meets 
these requirements and, after more than four years of concen- 
trated effort on the part of the Yellow Coach and Spicer 
organizations, it was decided to release the automatic hydrau- 
lic system for production. The first shipments of vehicles so 
equipped were made in December, 1938. 

The basic principles underlying the hydraulic transmission 
design, excluding the clutches, controls, reverse and angle 
gears, originated in Sweden. Licenses under the Swedish 
patents have been issued in various countries. In Sweden 
hydraulic transmissions have been used for many years for 
railcars and other heavy-duty services. The mechanism is 
known generally as the Lysholm-Smith, but has been vari- 
ously described as the Ljungstrom, a torque converter, a 
hydraulic transmission, a fluid transmission, a gearless trans- 
mission, and so on. 

Fig. 18 is a reproduction of a sectional drawing through the 
Yellow Coach hydraulic transmission, the major mechanical 
details of which were covered in the September, 1938, issue of 
Bus Transportation. ‘The transmission is bolted direct to the 
rear of the crankcase. Listed in order from the engine end 
the mechanism comprises: 

1. The friction clutch, which connects or disconnects the 
engine from the turbine. 

2. The turbine, including the pump wheel, the rotor, and 
the turbine housing with its two sets of reaction blades. 

3. The reverse gear. 

4. The roller clutch, which disconnects the turbine from the 
angle gear output shaft when in direct drive. 

5. The direct-drive lockup or clutch, which connects the 
through shaft to the angle gearing. 

6. The angle gearing. 

From Fig. 19 it will be seen that the turbine consists of the 
following parts: 

1. Centrifugal pump wheel, driven by the engine. 

2. A three-bladed, three-stage rotor wheel, connected to the 
propeller shaft. 

3. Casing, with stationary blades interposed between the 
rotor blades. 

Torque multiplication reaches a maximum of 5:1 when the 
bus is started. This ratio is gradually reduced as the vehicle 
gains speed. 

The operation of the turbine can be likened to the operation 
of a planetary transmission in which the pump wheel is repre- 
sented by the sun gear, the turbine by the planet gears, the 
reaction vanes by the stationary ring gear, and the gear teeth 
by a fluid. To complete the analogy, the gears must be imag- 
ined as being infinitely flexible and capable of automatically 


changing their relative size to provide the required speed and 
torque ratios. 

Fig. 20 shows the liquid flow schematically. As a simplifi- 
cation the engine-driven pump wheel has been replaced with 
a conventional centrifugal pump. The fluid, after having 
been drawn from the reservoir by the pump, is forced against 
the rotor blades (1) exerting a thrust tending to rotate the 
moving element. The fluid then passes to the stationary 
blades (2), which direct it against the rotor blades (3), the 
stationary blades (4) again change the flow of the liquid 
directing it against the rotor blades (5). The fluid is then 
picked up by the pump, and the cycle repeated. 

Fig. 21 shows the pump wheel, rotor wheel, and casing 
with stationary blades. The casing carries both reaction 
stages. One stage is formed by riveting the blades directly 
to the casing, and the other is made as an independent ring 
attached to the casing. The pump and turbine shafts, together 
with their corresponding end plates, are machined from steel 
forgings, thus forming rigid and accurate parts for the mount- 
ing of the blade system. The pump and third-stage turbine 
blades are made from rolled-steel sections, as these blades are 
structural parts. The remaining turbine and reaction blades 
are made from extruded brass sections. The dowels which 
secure the blades are machined integral with the blades. All 
blades are riveted in position. 

Fig. 22 shows the construction of the friction clutch which 
engages the turbine element. There are no coil springs, levers, 
or fulcrum pins. A simple conical spring plate functions in 
their place. No force is required to hold the clutch in the 
released position. There are no levers or pins to wear; there 
are no adjustments. The pressure is distributed evenly over 
the entire frictional area, thus eliminating distortion. Engage- 
ment is smooth and the release complete. 

Essentially the clutch mechanism comprises the two friction 
faces, the fabric-lined driven member, the conical spring plate, 
and the release bearing mechanism. The fabric-lined driven 
member is connected to the turbine impeller through a splined 
sleeve which is mounted on ball bearings. Large annular 
pockets are provided for the lubrication of the release bearing 
and also the turbine impeller sleeve bearings. 

Fig. 23 shows the conical spring plate and the release bear- 
ing. Contrary to conventional clutch release-bearing construc- 
tion, the housing and the outer race are stationary, and the 
inner race revolves. This design results in increased bearing 
capacity and life, and there is no tendency to throw out the 
clutch-bearing lubricant. 

Fig. 24 shows the direct-drive clutch dismantled. 
from left to right, the structure includes: 

. Internally toothed cage, connected to the propeller shaft. 
. Bronze ring, driven by the cage. 

. Steel ring, driven by the sliding gear (balking ring). 

. Spacer. 

. Wave washer. 

. Snap ring. 

7. Sliding gear, with two integral sets of dogs. 

Fig. 25 shows schematically the operation of the direct-drive 
clutch. Direct drive is engaged when the sliding gear, which 
is attached to the engine driveshaft by means of splines, 
meshes with the internally toothed cage connected to the 
propeller shaft. 

Interposed between the two are a steel ring or balking ring 
driven by the sliding gear, and a bronze ring driven by the 
cage. These two rings always rub against each other with a 
slight force produced by a wave washer held in place by a 
snap ring. 

The sliding gear has two sets of dogs. The outer set drives 
the balking ring, but teeth are cut so that these parts can rock 
8 deg in relation to each other. The second set of dogs is 
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Fig. 18— Yellow Coach hydraulic transmission 
Fig. 19 — Turbine section — Yellow Coach hydraulic transmission 
Fig. 20—Fluid flow of Yellow Coach hydraulic transmission 


Fig. 21—Pump wheel, rotor wheel, and casing with sta- 
tionary blades — Yellow Coach hydraulic transmission 


Fig. 22 — Friction clutch — Yellow Coach hydraulic transmission 


Fig. 23—Friction clutch spring plate and release bearing - 
Yellow Coach hydraulic transmission 


Fig. 24-Direct-drive clutch dismantled —-Same transmission 
Fig. 25 - Operation of direct-drive clutch — Same transmission 
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symmetrical to the first set, but dogs are wider and fit snugly 
into the balking-ring slots. 

While a speed differential exists between the input and 
output shafts, friction between the two rings holds the balking 
ring in one extreme position in relation to the sliding gear. 
When a force is exerted to engage the sliding gear, the second 
set of teeth will then butt against the tooth ends of the balking 
ring, thus preventing engagement. The moment the speeds 
of the input and output shafts are the same, the balking ring 
tends to rock to the opposite extreme position. In mid- 
position the second set of teeth in the sliding gear line up 
with corresponding slots in the balking ring and engagement 
follows. The balking ring serves as a traffic policeman who 
gives the “go” signal only when the road is clear. 

The designs of both the friction and direct-drive clutches 
are simple and novel, and the construction is such that no 
torque .is transmitted during engagement of either clutch. 
From the standpoint of wear and tear, these operations can 
be compared to the opening and closing of a door; hence the 
life of the clutches should be practically unlimited. No ad- 
justments are required for either of the clutches. 

A very important development in connection with the hy- 
draulic transmission is the electro-pneumatic control system. 
At the correct road speed a simple governor energizes the 
control mechanism, which automatically performs the se- 
quence of operations necessary to change from hydraulic drive 
to direct drive or vice-versa. There are two important ad- 
vantages: 

The driver is relieved of all mental and physical effort. 

The shift is made at the proper ratio to obtain maximum 
efficiency. 

At a predetermined speed, a governor, by means of a switch 
located in its housing, provides electrical contact through the 
direct-drive switch to a solenoid which closes the engine 
throttle and to a magnet valve which supplies air to release 
the hydraulic-drive clutch cylinder and to engage the direct- 
drive clutch cylinder. 

The movement of the direct-drive clutch into full engage- 
ment breaks the electrical contact through the direct-drive 
switch, de-energizes the throttle solenoid, and releases the 
throttle to its original position for direct drive. 

Direct drive is maintained until the vehicle slows down to 
17 mph, at which time electrical contact in the governor 
switch is broken, the magnet valve is de-energized, and air 
is released to allow dis-engagement of the direct-drive clutch 
and engagement of the hydraulic-drive clutch. 

Where a vehicle is cruising at a speed above 17 mph in 
direct drive and rapid acceleration is required, an instantane- 
ous shift to hydraulic drive may be made, thus taking advan- 
tage of the torque multiplication which permits higher engine 
speed and faster acceleration. To accomplish this shift the 
driver merely applies a heavier-than-normal foot pressure on 
the accelerator, which brings the overrule switch into action, 
de-energizing the magnet valve which, in turn, releases the 
air from the direct-drive and main clutch cylinders. 

To assist in the education of operators regarding the proper 
handling and care of the control system, demonstration units 
have been prepared. All of the control elements involved, 
including certain parts which pertain to the engine assembly, 
are mounted on a panel in such a fashion that their operation 
can be studied. The units which comprise the control system 
can, of course, be pointed out on a vehicle and their purpose 
explained, but the actual operation cannot be demonstrated 
because the vehicle must be in motion before the controls will 
function. 

For details of the demonstration unit see Fig. 26. The 
stand at the side of the board includes the accelerator pedal 
and control lever, also the switches and light mounted on the 
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Fig. 26-—Control panel — 
hydraulic transmission 


Demonstration unit Yellow Coach 


Fig. 28 —Leyland hydraulic transmission 


instrument panel at the front of the vehicle. The cabinet 
under the accelerator pedal contains a motor-driven air com- 
pressor and a motor generator set to furnish air, with 12-v 
d-c current to operate the controls. An electric motor is 
mounted at the rear of the demonstration unit to drive the 
transmission governor and speedometer. The speed of this 
motor is controlled by the accelerator pedal through a rheostat 
so that the speedometer shows the vehicle speed in proportion 
to the amount the accelerator is depressed. The names of the 
various units which make up the control system are shown on 
the illustration. The simplicity of the control mechanism, the 
ruggedness of the parts, and so on, are apparent. In the event 
of a failure of any part of the control mechanism, a road delay 
cannot result since the vehicle may then be operated in hy- 
draulic drive. 

The hydraulic transmission has high efficiency through a 
limited speed range. From a standing start the efficiency is 
equivalent to that of a conventional slipping clutch and, like 
a slipping clutch during its engagement, its efficiency in- 
creases rapidly as the vehicle speed increases. Here is where 
the automatic control system plays a very important part for, 
as previously stated, the shift from hydraulic to direct drive 
automatically occurs at the correct road speed. With a manual 
control the driver can use his discretion as to when the shift 
takes place, which means that he could operate continuously 
in the hydraulic system, which would be wasteful from a fuel- 
economy standpoint. It should be mentioned also that, with 
the hydraulic transmission when in direct drive, only a single 
shaft rotates, which reduces oil churning and miscellaneous 
other losses to a minimum. 

Fig. 27 shows the comparative performance characteristics 
of the synchromesh, semi-automatic planetary, and hydraulic 
transmissions. The tests were carried out on General Motors 
Proving Ground. A standard production 36-passenger city 
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service vehicle was used with a full seated load. The same 
vehicle was employed for all tests, the transmissions being 
interchanged. 

The grade ability percentages are based on the maximum 
grade on which the vehicle could be started with a full seated 
load. 

It will be that, with both acceleration and grade 
ability, superior results were obtained with the hydraulic 
transmission. At 20 mph in direct gear there is no practical 
difference between the planetary and the hydraulic fuel econ- 
omy; however, the synchromesh is inferior to both. At 5 
stops per mile, the hydraulic fuel economy test shows a loss 
of 5%. However, 


seen 


under actual service conditions, we have 
not been able to find any appreciable difference in the amount 
of fuel consumed by the hydraulic as compared with gear-type 
transmissions. 


The Leyland Hydraulic ' 


Hydraulic transmissions have aroused considerable interest 
in Europe. The most important of the European licensees is 
Leyland Motors, Ltd., Lancashire, England. The first bus 
equipped with a hydraulic transmission was delivered in 
1933. Since that time Leyland has equipped approximately 
1800 buses with hydraulic transmissions. In addition, Leyland 
regularly provides hydraulic railcar transmission installations. 

Various members of the Spicer and our own organizations 
have been in close contact with Leyland since the earliest 
stages of our development work. The cooperation extended 
by Leyland has been most helpful. As a result there has been 
a mutually beneficial reciprocal exchange of design and manu- 
facturing technique. 

Through the courtesy of the Leyland organization, Spicer 
and our representatives visited some of the more important of 
the European users of its hydraulic transmissions. The users 
were in all instances enthusiastic. The Sheffield area was par- 
ticularly interesting, for here very severe grades are encoun- 
tered and the roads are narrow and winding. The Sheffield 
Bus Corp. operates 300 buses, approximately one-half of which 
are equipped with diesel engines and Leyland hydraulic trans- 
missions. The performance of the transmissions is admirable, 
and the vehicles equipped with these transmissions are ex- 
tremely popular with the public. 


[Transmission 


Fig. 28 shows the Leyland hydraulic transmission. The 


major differences in the two hydraulic transmission designs 
under discussion are: 


Leyland Type 
Double-acting friction 
clutches. 


Yellow Coach Type 
Friction clutch for hydraulic 
drive and synchronized jaw 
clutch for direct drive. 


1. Clutches 


2. Controls Manual operation. Fully automatic operation. 
3. Reverse Gear Contained in a sepa- Incorporated in transmis 
and Roller rate housing attached sion housing, saving space, 
Clutch to rear end of trans- weight, and length. 
mission. 
4. Overall Length Including angle drive gear 
ing practically the same as 
Leyland. 
5. Torque 257% less. Primary pump blading pro- 
Capacity vides for increased liquid 
flow. 
6. Cooling Static cooling em- Cooling system mounted in- 


ployed, requiring a 
larger radiator mount 


ed separately on chas- 


tegrally with transmission 
includes a small radiator and 
fan driven directly from the 
sis. generator. This arrangement 
effects considerable weight 
saving. Cooling system can 
be removed as a unit with 
out breaking any fluid con 
nections. 


For details of the Leyland clutch design see Fig. 29. The 
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clutch is a double-acting dry-plate type consisting of two fixed 
and one moving pressure plates mounted upon the engine 
flywheel. Between the front and the moving plates is a driven 
disc coupled to the direct driveshaft. Between the rear and 
moving plates is a similar disc coupled to the impeller. The 
moving plate is pressed either forward or backward by a 
group of spring-loaded toggles. It is shifted manually by 
means of a lever in the driver’s cab. In its forward position 
the plate engages the direct-drive disc; in its rear position it 
transmits the drive through the turbine, the center position 
represents neutral. 


V —Synchromesh Transmissions 


The advent of synchromesh, a General Motors develop- 
ment, incorporated for the first time in the 1928 Cadillacs, 
has had a profound influence on the automotive industry. 
Gear-shifting problems have been lessened tremendously. Nat 
urally this development has been appreciated by both men and 
women drivers and the effect on sales scarcely 
estimated. 


can be over- 


Today practically all automobile transmissions incorporate 
some form of synchronized gear shift. Incidentally, a number 
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Fig. 27-—Comparative performance characteristics of the 


synchromesh, semi-automatic planetary, and hydraulic trans- 
missions 


of European and American manufacturers have been licensed 
under the General Motors patents and, in 1938, the transmis- 
sions of about 50% of the total cars built in the United States 
employed what is known as the General Motors inertia check 
synchronizer, which is the type employed on its current pro- 
duction passenger cars. 

In the bus and truck fields, synchromesh transmissions were 
introduced in Yellow coaches in 1935, and in General Motors 


medium and heavy-duty trucks in 1938. The coach units have 


Fig. 29 — Clutch — Ley- 
land hydraulic trans- 
mission 
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MAIN SHAFT GEAR MAIN DRIVE GEAR which form a semi-rigid connec- 
re BRONZE FRICTION tion between the jaw clutch and 
CONE the synchronizer sleeve. This 
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Fig. 30 — Yellow Coach synchromesh elements 


.three forward speeds, all of which are synchronized, whereas 
the truck units have five forward speeds, four of which are 
synchronized. 

Synchromesh, although important from the standpoint of 
the automobile, is vastly more important from a bus and truck 
standpoint. The larger the vehicle, the greater its advantages. 
Without synchromesh, proper gear-shifting is dependent en- 
tirely upon the judgment and skill of the driver but, with a 
poor shift in the case of a bus or a truck, the potential me- 
chanical damage is much greater than with an automobile. 
Then too, as compared with the automobile, where a gear 
shift is improperly made, delayed, or missed, the accident 
hazard is greater. This condition is particularly true when 
climbing long grades. Synchromesh has contributed much to 
the safety and easy handling of the bus, and history is repeat- 
ing itself with the truck. 

With large-capacity trucks or buses and especially consider- 
ing truck trains, the power-to-weight ratio is low, while the 
ratio differences between the transmission speeds are high. 
Consequently, anything which reduces the time required to 
shift from one speed to another is advantageous, particularly 
where vehicles are operated in mountainous country. 

Vehicles are sometimes forced to climb long grades at a 
much lower speed than the engine is capable of simply be- 
cause the time required for shifting into the next higher gear 
slows the vehicle down to a speed at which it cannot be picked 
up in the next higher ratio. With synchromesh, a shift of 
this kind can be made without difficulty, but this procedure, 
if habitually followed, will affect adversely the life of the 
synchronizer parts. 

Fig. 30 shows a set of typical synchronizer elements. The 
parts involved are: main shaft gear, main drive gear, bronze 
friction cone, synchronizer sleeve, shifting collar, synchronizer 
ball spring, synchronizer ball, jaw clutch, shifting collar pin. 

Fig. 31 shows schematically the process of synchronization: 

In the neutral position, 1, there is clearance between the syn- 
chronizer cones, and four star-shaped ends of the jaw clutch 
rest midway in the centers of the synchronizer sleeve notches. 

The gear shaft is connected to the jaw clutch by means of 
splines. The four star-shaped ends of the jaw clutch pass 
through slots in the synchronizer sleeve, which is located or 
centralized in the neutral position by the four balls and 
springs carried in the jaw clutch. The shifting collar is pinned 
to the jaw clutch; consequently, regardless of the position of 
the jaw clutch on the main shaft spline, all of these parts 
must rotate or remain stationary with the main shaft. 

When the shift fork is moved, an axial force is exerted on 
the synchronizer sleeve through the four spring-loaded balls, 





Be SYNCHRONIZER BALL 


force is proportional to the spring 
load on the balls. The synchro- 
nizer cones are then brought into 
contact, as shown at 2. The re- 
sultant friction tends to rock the 
synchronizer then the 
star-shaped ends of the jaw clutch 
position themselves against either 
the backward or forward faces of 
the central sleeve notches. 


sleeve, 


SYNCHRONIZER BALL 


eas 


The continued movement of 
the shift fork causes the four 
star-shaped ends of the jaw clutch 
to bear against the inclined sur- 
faces of the synchronizer sleeve 
notches. A like force is exerted 
against the synchronizer cones 
and this force is proportional to the change in the speed of 
the synchronizer cones. 


SPRING 


@ 


When the speeds of the synchronizer cones are equal, there 
is no load on the jaw clutch to restrain the axial force; hence, 
the four star-shaped ends of the jaw clutch no longer bear 
against the inclined surfaces of the synchronizer sleeve 
notches. Consequently, the continued movement of the shift 
fork causes the four star-shaped ends of the jaw clutch to 
travel along the synchronizer sleeve slots until the gear and 
shaft are coupled mechanically by the meshing of the jaw- 
clutch external teeth with the internal teeth of the gear, as 
shown at 3 in Fig. 31. 

It is impossible to clash the gears in shifting since, while 
there is any differential in speed between the synchronizing 
cones, the retarding force preventing engagement is always 
exactly proportional to the force exerted by the driver on the 
shift lever. 

There are, of course, other synchronizer systems, some of 
which have been employed extensively in connection with 
automobile transmissions but, to the best of my knowledge 
and belief, the inertia check arrangement is the only method 
evolved to date which can be applied to heavy-duty vehicles 
with entirely satisfactory results. 

With the exception of our 21 and 24-passenger city service 
buses and buses equipped with hydraulic and semi-automatic 
transmissions, all Yellow coaches are equipped with synchro- 
mesh as standard production. 

Fig. 32 shows a typical Yellow Coach synchromesh trans- 
mission. Three forward speeds and reverse are provided. The 
torque capacity is 550 ft-lb. All gearing except reverse is 
constant-mesh helical. Splash lubrication is employed. The 
output shaft is located at the rear of the transmission and 
engagement is effected through a spiral-bevel pinion gear. 
With the exception of reverse, all gears are equipped with 
General Motors inertia-check-type synchronizers. 

Although primarily this paper is intended to cover bus 
transmissions, it is felt that reference should be made to the 
synchromesh transmissions incorporated in the 1939 medium 
and heavy-duty General Motors truck line. 


Fig. 33 shows a typical truck synchromesh transmission. 
Five forward speeds and reverse are provided. The torque 
capacity is 400 ft-lb. All gearing except low and reverse is 
constant-mesh helical. Lubrication is by pressure feed from 
an oil pump driven by the countershaft. The system is basi- 
cally similar to the method employed in connection with a 
four-speed constant-mesh coach transmission which will be 
discussed later. The advantages are identical. With the excep- 
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tion of low and reverse, all gears are equipped with General 
Motors inertia-check-type synchronizers. 

Fig. 34 shows graphically the advantages of synchromesh 
from the standpoint of shifting gears on grades. For test 
purposes a current production GMC model ADC-7o0 truck 
was employed. This vehicle is powered with a General Mo- 
tors 4-cyl 2-cycle diesel displacing 284 cu in. and developing 
110 hp at the governed speed of 2000 rpm. Rear axle ratio, 
6.43:1; tires 9.75-20; gross weight 22,000 lb. The entire series 
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of tests was conducted on a 744% constant grade, 2900 ft 
long. In each instance the vehicle was started from a stand- 
still on the grade. 

The solid line and the broken line with circles show the 
performance of the vehicle with a conventional transmission 
having spur gears in the first and second speeds, and jaw 
clutches in the third, fourth, and fifth speeds. The solid line 
represents a normal shift without clashing. The broken line 
with circles represents fast shifting with some clashing. 
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Fig. 31 — Operation of General Motors synchromesh 
Fig. 33 - GM truck five-speed synchromesh transmission 


Fig. 34-— Advantages of synchromesh from the standpoint of 
shifting gears on grades 


Fig. 32 — Yellow Coach three-speed synchromesh transmission 
Fig. 35— White synchromesh transmission 


Fig. 36 - ACF synchromesh transmission 
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Upon completion of this series of tests the conventional 
transmission was removed and replaced by a synchromesh 
unit. The heavy dotted and light dotted lines show the per- 
formance of the synchromesh transmission having spur gears 
in the first speed and synchromesh helical gears in the second, 
third, fourth, and fifth speeds. The heavy dotted line repre- 
sents a normal shift, that is, with some effort applied to the 
gearshift lever to cause quick gear synchronization. The light 
dotted line represents fast shifting, that is, the accelerator 
remains depressed during the shift. This can be considered 
a trick shift and is not recommended for frequent use as it 
places a considerable burden on the main clutch, but it does 
show what can be done with synchromesh where an extremely 
quick shift is necessary. 

An analysis of the graph shows that the advantages of 
synchromesh are: 

When completing the shift from first to second at 6 mph, 
the vehicle slows down to 344 to 3 mph. With the conven- 
tional transmission the vehicle slows down to 144 to %4 mph. 

Six mph is again attained in 44% to 544 sec. With the con- 
ventional transmission from 8 to 10 sec are required. 

When completing the shift from second to third at 104 
mph, the vehicle slows down to 10 to 9 mph. With the con- 
ventional transmission, the vehicle slows down to 6 to 4 
mph. 

The speed of 10% mph is again attained in 34 to 10 sec. 
With the conventional transmission from 22 to 31 sec are 
required. 





Fig. 37-Twin Coach three- 
speed vertical transmission 


Fig. 38 - Vertical driveshaft — 
Twin Coach three-speed ver- 
tical transmission 





Fig. 39 — Twin Coach three- 
speed horizontal transmission 


Starting from a standstill at the bottom of the hill, in 1 min 
the vehicle will havé traveled 1100-1200 ft. With the conven- 
tional transmission from 800-900 ft will have been traveled. 

Fig. 35 shows the White synchromesh transmission. Three 
forward speeds and reverse are provided. The torque capacity 
is 480 ft-lb. All gearing except reverse is constant-mesh heli- 
cal. Splash lubrication is employed. The second and direct 
gears are equipped with synchronizers. 

Fig. 36 shows the ACF synchromesh transmission. Three 
forward speeds and reverse are provided. The torque capacity 
is 330 ft-lb. All gearing except reverse is constant-mesh heli- 
cal. Splash lubrication is employed. The second and direct 
gears are equipped with synchronizers. 


VI— Other Types of Transmission 


Fig. 37 shows the Twin Coach vertical-drive constant-mesh 
transmission. Three forward speeds and reverse are provided 
in two ratio combinations. The torque capacity is 300 ft-lb. 
All gearing except reverse is constant-mesh helical. Splash 
lubrication is employed. 

Fig. 38 shows the vertical driveshaft used in connection 
with this transmission. The final drive to the axle consists in 
a splined yoke moving up and down between a splined inner 
shaft and an outer sleeve. The sleeve is supported at the top 
and bottom by oil-sealed Timken tapered roller bearings. The 
spiral-bevel gear which engages the transmission output shaft 
pinion is keyed to this sleeve. The top bearing is lubricated 
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from a trough which is filled by oil thrown from the trans- 
mission gearing. The lower bearing is lubricated by oil 
thrown directly from the gearing. The unusual yoke shaft 
slides in a bronze bushing and acts as its own lubricating oil 
pump. 

Fig. 39 shows a Twin Coach horizontal constant-mesh 
transmission. Three forward speeds and reverse are provided. 
The torque capacity is 425 ft-lb. All gearing except reverse is 
constant-mesh helical. Splash lubrication is employed. The 
output shaft is located directly beneath the main shaft and 
engagement is effected through a spiral-bevel pinion and gear. 
The transmission drive or clutch shaft is connected to the 
main shaft by means of a ball coupling, which permits some 
flexibility. 

Fig. 40 shows a Yellow Coach constant-mesh transmission. 
Three forward speeds and reverse are provided. The torque 
capacity is 200 ft-lb. All gearing except reverse is constant 
mesh helical. Splash lubrication is employed. The output 
shaft is located directly to the rear of the transmission and 
engagement is effected through a spiral-bevel pinion and gear. 

Fig. 41 shows a Yellow Coach constant-mesh transmission 
referred to previously. Four forward speeds and reverse are 
provided. The torque capacity is 550 ft-lb. All gearing except 
reverse is constant-mesh helical. Lubrication is by means of 
pressure feed from an oil pump driven by the countershaft; 
the oil is delivered to the drilled main shaft through cored 
holes in the housing and is returned to the sump by gravity 
and thence to the pump intake. The pressure feed permits a 
low oil level, which results in decreased churning losses and 
heating. The oil must pass through a large strainer before it 
is picked up by the pump. Forced lubrication, as compared 
with splash lubrication, provides a temperature reduction of 
approximately 60 F; then also the frictional losses brought 
about by the dipping of the gears in the oil are approximately 
3 hp less. 

The output shaft is located directly to the rear of the trans- 
mission and engagement is effected through a spiral-bevel 
pinion and gear. 

Reverse is effected by means of a solenoid-actuated shift 
fork with a control button on the driver’s shift lever. 

This transmission is installed on urban and interurban 
vehicles, taking our largest gasoline or diesel engines. All 
large-capacity interurban vehicles are equipped with this 
transmission — Greyhound among others. The transmission as 
illustrated represents our latest development in units of the 
manually controlled constant-mesh gear type. 

Last year I had an opportunity to study the field results 
obtained by a number of operators using this transmission and 
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to tabulate the exact performance expressed in terms of re- 
placements, repairs, and adjustments, after approximately 70 
million miles of service. The study indicated that a reduction 
in the maximum transmission operating temperature aad the 
prevention of dirt, carbon, or other foreign matter from enter- 
ing the bearings would have a markedly beneficial influence 
on the life of all of the wearing parts; hence the incorporation 
of forced lubrication, including the straining of the lubricant. 


VII — Engines, Transmissions and Rear Axles 

This section deals with the basic design differences between 
the powerplant arrangements and drive connections of the 
five leading American bus manufacturers. Three mount their 
powerplants transversely at the rear and two under the floor. 
With the rear transversely mounted powerplants, in the trans- 
mission of the torque from the engine to the rear axle, differ- 
ent systems have been followed by the different manufac- 
turers. Both exponents of the underfloor powerplant system 
follow the same method. 

Basically, the differences between the arrangement of the 
Twin Coach, Yellow Coach, and Mack transmissions relate to 
the locations of the output shafts which connect the trans- 
missions to the rear axles. In each instance, bevel gearing is 
employed. With the Twin Coach and our designs the bevel 
gearing takes stepped-up torque; with the Mack the bevel 
gearing takes engine torque only. With both Mack and Twin 
Coach the bevel gearing is enclosed in the transmission hous- 
ing proper; with our designs the gearing is enclosed in sepa- 
rate cases attached to the rear ends of the transmissions. 

We employ an acute-angle drive for our large models and 
a right-angle drive for our smaller models. The former sys- 
tem permits maximum propeller-shaft length and, therefore, 
more elasticity, wind-up, or cushioning. The larger the en- 
gine, the more important this advantage is. The acute-angle 
system also facilitates the employment of powerplants of 
maximum length. With Mack and Twin Coach, right-angle 
drives have been standardized. 

Fig. 42 shows the Mack 6-cyl 525 cu in. gasoline engine, 
transmission, propeller shaft, and rear axle. The transmission 
is mounted at right angles to the engine. This arrangement 
provides a clean appearance in the engine compartment and 
simplifies the control layout. 

Fig. 43 shows the Mack transmission and rear-axle gear 
train. The position of the transmission shafts relative to each 
other is indicated clearly. The transmission is a three-speed 
synchromesh type, a new and interesting Mack development. 

Fig. 44 shows the position of the new Mack three-speed 
































Fig. 40— Yellow Coach three-speed transmission 


Fig. 41 — Yellow Coach four-speed transmission 
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synchromesh transmission gearing in relation to the engine. 
The gearing projects behind the engine and at right angles to 
crankshaft centerline, the propeller-shaft flange connecting the 
output shaft to the rear axle also being shown. 

Fig. 45 shows the Mack rear axle used in conjunction with 
its three-speed synchromesh transmission. The rear half of 
the propeller shaft, which is shown in the photograph, con 
nects the rear axle to the transmission. 

Fig. 46 shows the Twin Coach 6-cyl 404 cu in. gasoline 
engine and transmission. The view does not include the axle, 
but the lower end of the vertical or output shaft, which pro- 
jects from the bottom of the transmission and which is shown 
in the photograph, connects directly to the axle pinion through 
the medium of a double universal joint. This arrangement 
places the transmission almost directly over the rear axle, and 
its relation with the axle has been determined so that, regard- 


Fig. 42-—Mack engine, transmission, propeller shaft, and 
rear axle 


Fig. 44— Mack transmission gearing 


Fig. 46-Twin Goach engine and vertical transmission 


less of axle movement due to spring deflection, drive torque, 
and so on, only minimum angularity has to be taken care of 
by the universal joints. The engine is mounted high up, 
which is advantageous from a servicing standpoint. 
problems also are minimized. 


Dirt 


Fig. 47 shows the Twin Coach 6-cyl 525 cu in. gasoline 
engine and transmission — a neat installation. 

Fig. 48 shows the ACF 6cyl 477 cu in. gasoline engine, 
transmission, propeller shaft, and rear axle. Due to the 
under-floor positioning of the powerplant, the drive arrange- 
ment may be described as conventional. 

Fig. 49 shows the White 12-cyl 681 cu in. gasoline engine, 
transmission, propeller shaft, and rear axle. As in the case of 
ACF, due to the under-floor positioning of the powerplant, 
the drive arrangement is conventional. 


Fig. 50 shows our 6-cyl 707 cu in. gasoline engine, trans- 





Fig. 43 — Mack gear train 


Fig. 45—Mack rear axle used in connection with its three- 
speed transmission 


Fig. 47—Twin Coach engine and horizontal transmission 
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Fig. 48— ACF engine, transmission, propeller shaft, and rear 


Fig. 49 — White engine, transmission, propeller shaft, and rear 
axle 


axle 
Fig. 51-—Yellow Coach engine (2-cycle G-M diesel), hy- 
draulic transmission, propeller shaft, and rear axle 
Fig. 52 — Yellow Coach 6-cyl 217 cu in. engine, transmission, propeller shaft, and rear axle 


Fig. 50- Yellow Coach engine, transmission, propeller shaft, 
and rear axle 


mission, propeller shaft, and rear axle. To show properly the 
propeller shaft angularity, the photograph has been taken 
from the rear. All of the accessories are mounted at the back 
of the engine. 


Fig. 51 shows our 6-cyl 426 cu in. 160-hp GM 2-cycle diesel 


engine, hydraulic transmission, propeller shaft, and rear axle. 
This photograph is also taken from the rear. The blower, 
and so on, is mounted at the back of the engine, the generator 
and air pump being driven through the timing gears at the 
rear of the engine. On the end of the generator is mounted 











Fig. 53-Yellow Coach 90-deg transmission and rear-axle 
gear train 


Fig. 54-—Yellow Coach 52-deg transmission and rear-axle 
gear train 
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Fig. 55— Yellow Coach Model 739 27-passenger city-service 
bus 


a small Sirocco fan for the cooling of the fluid used in con- 
nection with the hydraulic system. 

Fig. 52 shows our 6-cyl 217 cu in. gasoline engine, trans- 
mission, propeller shaft, and rear axle. The major accessories 
are mounted at the back of the engine. 

Fig. 53 shows our go-deg transmission and rear-axle gear 
train. 

Fig. 54 shows our 52-deg transmission and rear-axle gear 
train. 

Fig. 55 shows diagrammatically our Model 739 27-passenger 
city-service bus. The overhang between the center of the rear 
axle and the rear end of the vehicle is 58 in. The picture 
shows the advantages of the acute-angle drive where a short 
overhang is employed, specifically with respect to the pro- 
peller-shaft length. 


Conclusion 


The transmission, as we know it today, can be regarded 
only as a necessary evil, since it merely serves very poorly to 
compensate for the powerplant’s low speed-torque inadequacy. 
What we really need is a prime mover with the torque advan- 
tages of steam but without its prohibitive complications, 
hazards, inefficiency, excessive weight, and cost. 

In this day and age nothing seems impossible and, in the 
light of accomplishments in other fields, we can at least 
speculate on the possible elimination of the transmission, but 
it is a far cry from today’s internal-combustion engines with 
their low speed-torque characteristics to the steam engine 
where we have maximum torque at zero speed. 

I think that the possibilities of electrical propulsion are, by 
no means, exhausted. Fundamentally this system better meets 
the needs of the average bus operator than any other method 
yet developed but, in its present form, it is too heavy, too 
costly, and too inefficient. 

All of the transmissions discussed in this paper are com- 
promises in one way or another. The hydraulic transmission 
is no exception but, from the standpoint of city-service vehi- 
cles, in my opinion, it is superior to anything that has been 
developed to date; however, in the present state of the art, 
its application cannot be considered for long-distance high- 
speed operation where very steep grades are encountered. 

In the bus and truck field the fluid flywheel has opened new 
channels for transmission development work and, in the not 
distant future, we shall see this mechanism employed in con- 
junction with more or less conventional transmissions. Such 
an arrangement has interesting possibilities. 

In closing, I wish to express my appreciation for the friendly 





and cooperative manner in which General Electric, Westing- 
house, Twin Coach, ACF, Mack, White, Spicer, Associated 
Equipment, Daimler, and Leyland have assisted in the prepa- 
ration of the data and illustrative matter contained in this 
presentation. 


Discussion 


Debates Author's 
Comparative Data 
— Oscar H. Banker 


Vice-President, New Products Corp. 


“OL. GREEN is to be complimented upon his thorough presentation 
of so complex a subject. Indeed, the subject is so broad, so technical 
and, in some respects, so controversial that I have felt duty-bound to 
analyze certain portions of the presentation in an effort to clarify some 
points which might otherwise be misinterpreted or misunderstood 

As many know, the automatic transmission to which the author refers 
has been generally known as the Mono-Drive transmission and is my 
own “brain child.” Accordingly, I feel justified in contributing some 
factual information based upon millions of miles of operating history 
of 600 (Col. Green’s figures) buses equipped and in regular service with 
the Mono-Drive transmission. I may be pardoned if, in some instances, 
this operating history conflicts with the data presented in the paper. 

I wish to base my principal argument on the data presented in Fig. 27 
which rates the synchromesh, semi-automatic (Mono-Drive), and hy- 
draulic transmissions on the basis of: (1) Acceleration, (2) Grade abil- 
ity, (3) Fuel economy. I feel that these relationships must be revised 
for the record in keeping with the actual operating experience. 

Let us consider, first, the matter of acceleration. According to the 
chart, if synchromesh is rated 100%, the semi-automatic is shown as 
only 84%, whereas the hydraulic is rated 103%. This relationship is 
open to serious question. I will grant at the outset that, due to its stall 
speed which has been arranged at around 1400 rpm, and its infinitely 
variable speed, the hydraulic unit unquestionably has the edge in this 
respect. 

Comparison between synchromesh and the semi-automatic, however, 
is another matter. In the first place, bear in mind that the synchromesh 
unit has a manual clutch and consequently lends itself to the so-called 
“trick” shift which, according to the statement of the author, “‘is not 
recommended for frequent use as it places a considerable burden on the 
main clutch,” and so on, and so on. To achieve rapid acceleration, the 
engine is raced better than 1500 rpm, thus building up both the torque 
and inertia of the flywheel and producing an unpleasant jerky start; 
then, with the accelerator open, releasing the clutch and jamming the 
gears through, finally dropping the clutch in with a jerk. 

Apparently then, although the “trick” shift is not recommended in 
actual service, it is an expedient which may be employed in a demon- 
stration such as the one under consideration. 

On the other hand, the semi-automatic unit is not susceptible of 
“trick’”’ shifts, but is dependent upon its inherent set-up. It has an 
automatic clutch arranged always at the zero point of torque reversal 
so that it cannot be forced or jammed through the gears. 

As a matter of fact, the Mono-Drive unit used in these tests is one 
which was designed specifically for a given type of coach operation, 
with a clutch stall speed of only 800 rpm, a compromise introduced to 
achieve maximum economy in city operation. Actually, its stall speed 
should have been around 1100 rpm, the speed at which the engine 
delivers peak torque. 

Given the latter condition in an impartial test, the difference in accel- 
erating ability would be more in favor of the semi-automatic trans- 
mission. 

Coming to the matter of grade ability, there is again need for clari 
fication of the author’s conclusions. Granting that grade ability is noth- 
ing more than the combination of torque and ratio, let us assume that 
the ratio is the same for both the synchromesh and the semi-automatic 
units. Referring to the paper, we learn that the starting ratio for the 
hydraulic unit is 5:1 while that of the semi-automatic is only 3.25:1. 
If we take this difference in starting ratio into account then, by simple 
arithmetic, it can be proved that the difference in grade ability indi- 
cated on the chart can be canceled out. 

Here again the semi-automatic unit was placed at a disadvantage due 
to the use of a restricted production design in which the stall speed is 
only 800 rpm, whereas it should have been and could be boosted up 
to 1100 rpm, which is the only logically balanced condition for this 
particular test. 

As to fuel economy, I need only point to the fact that the comparisons 
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in the paper are based wholly upon proving-ground figures and, con- 
sequently, subject to the special conditions under which the test vehicles 
were operated. So far as the Mono-Drive unit is concerned, I can point 
to the actual operating history of 39,000,000 miles (June 30, 1939), in 
which the equipment has shown consistently better economy than do 
the coaches fitted with conventional gear transmissions. Reports show 
that Mono-Drive economy ranges from 6 to 12% better than conven- 
tional transmission-equipped coaches, according to the experience ot 
some of the largest coach operators in the United States. 

Another point emphasized by the author is the vital importance o 
weight reduction, since dead weight is an expensive 
mercial operations. 


luxury in com 
Comparing the weight of the Mono-Drive with the 
synchromesh unit it replaced, the former is 160 Ib lighter. Although I 
have been unable to make the direct comparison between the 
Mono-Drive and the new hydraulic unit, I do submit the factory figures 
on two coaches which are, so far as I know, 
save for the powerplant and transmission. 


same 


similar in every respect 


These comparative weights are as follow 


Model 740-B with automatic transmission 


17,545 lb 
Model 740-D, the diesel-hydraulic 


18,380 lb 
According to figures cited by W. S. Fisher of General Motors Truck, 
in the July, 1939, issue of the SAE Journal, the 
310 lb more than the gasoline engine it replaced. Taking this factor 
into account, there is a weight difference of 525 lb which may be 
charged reasonably to the heavier hydraulic mechanism. 
Finally, let us take a look at the merits of 
itself. The history of 
over 30 


diesel engine weighs 


the hydraulic principle 
hydraulic transmissions extends over a period of 
years, dating to their initial use in boats as reduction gearing 
for steam turbines. Although their efficiency was but 85%, it was pos- 
sible to gain an additional 5% by recirculating the boiler feed water, 
thus boosting overall efficiency to 90%. Despite this, when the more 
quiet, more efficient, and lighter gear reduction units became generally 
available, the hydraulic reduction principle 


disappeared in 
practice. 


marine 

Unfortunately the bus cannot take advantage of the heat energy dis- 
sipated in the hydraulic unit as did the marine steam plant and, con- 
sequently, the bus-type hydraulic unit cannot rise to the same levels of 
mechanical efficiency. 

There is another point that the author should clear up more fully, 
concerning the efficiency rating of the new hydraulic system. For exam- 
ple, he states that, by the adoption of dry sump. lubrication with pres- 
sure feed in his synchromesh transmission, there is a gain of 3 hp due 
to the elimination of the load due to churning of the lubricant in the 
gear box. Yet, in the larger hydraulic unit which depends entirely upon 
fluid circulation and, in addition, requires a radiator and fan for cool- 
ing the fluid, he notes a loss of only 5%. 

We are told that American operators can profit by the experience of 
coach operators in Europe. What is the record? When an executive 
of a European bus manufacturing company was in Chicago in 1938, 
I asked him why European operators were so slow in adopting hydraulic 
units. His reply was: “The hydraulic device is a luxury only the Amer- 
icans can afford. Petrol is too valuable for us; we check mileage rec- 
ords in the decimal points.” As a matter of fact, there are only about 
1800 bus units in operation in England in the last five years, the ma- 
jority of which are owned and operated by municipalities. Obviously, 
the answer is that such operators do not concern themselves with oper- 
ating profits as do the commercial private enterprises. 

The author concludes with the statement that he does not recommend 
the hydraulic unit for long-distance buses operating on routes with 
steep grades. How does he reconcile this conclusion with the results 
of his grade-ability tests in which he credits hydraulic unit with a 
relative ability of 160% as compared with other types of transmissions? 

In closing, let me say that the foregoing is presented in the spirit 
of traditional SAE proceedings. I am anxious to get at the impartial 
facts and I believe that SAE members, and operators in_ particular, 
should have the record straight. 


Author Replies 
to Points Raised 


— G. A. Green 


Vice-President, General Motors Truck & Coach, 
Division of Yellow Truck & Coach Mfg. Co. 


ECENTLY, at the request of the Chicago Motor Coach Co., we in- 
stalled a hydraulic transmission in one of its semi-automatic- 
equipped double-deck units. An examination of the data secured in 
connection with proving-ground tests of the vehicle provided with both 
the semi-automatic and hydraulic transmissions will answer the points 
raised by Mr. Banker respecting acceleration and fuel economy. The 
only difference between the vehicle during both transmission tests was a 


reduction of 12%% in the angle drive ratio when the hydraulic trans- 
mission was used. 
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Test results: 

Acceleration through Gears or Converter — ‘Time - 

In favor of hydraulic o—10 mph 6.65% 
o-15 mph 38.5% 
o-—20 mph 33.6% 
0-25 mph 7.2% 
o-30 mph 26.0% 
0-35 mph 19.5% 
o-40 mph 17.0% 

The inferiority of the semi-automatic from 0-15, 0-20, and 0 — 30 
mph was due to the loss of time in gear-shifting. The semi-automauc 
was shifted at 14 mph and 27 mph, and the hydraulic at 24 mph. 
Comparing the transmissions from the standpoint of gearshift total time 
losses, the hydraulic is 32 times better than the semi-automat 

High Gear Acceleration — 

In favor of semi-automatic 2¢ 


-25 mph 11% 
20-30 mph 14% 
20-35 mph 11% 
20-40 mph 9% 

semi-automatic was due to its 1242 % 


The superiority of the 
angle drive ratio. 
Maximum Vehicle Speed at Governed Engine RPM - 
In favor of hydraulic, 12% 9% 
Fuel Economy — 


] wer 


5 stops per mile to 30 mph, duration of each stop 10 sec. 
Fuel economy exactly alike. 

Time for one mile — hydraulic 10.0% faster. 

10 stops per mile to 20 mph, duration of each stop 10 sec. 
Fuel economy exactly alike. 

Time for one mile—hydraulic 4.39% faster. 

Regarding the remainder of Mr. Banker’s discussion: 

1. The comparative data included in my presentation represent the 
results obtained from properly conducted proving-ground tests which 
were not, in any sense, demonstrations. Trick shifts were not employed 
when comparing the accelerative ability of the synchromesh with the 
hydraulic and semi-automatic transmissions. All tests were carried out 
under normal operating conditions. 

2. Most of the semi-automatic transmissions which we have manu- 
factured are operated by the Omnibus Corp. Our latest reports from 
Omnibus indicate that, where vehicles have similar powerplants and 
approximately similar weights, passenger capacities, and operating con- 
ditions, there is no appreciable difference between the fuel consumption 
whether such vehicles are equipped with semi-automatic, synchromesh, 
or hydraulic transmissions. 

3. The actual weight differences of gasoline-electric, semi-automatic, 
and three-speed synchromesh transmissions as compared with the hy- 
draulic transmission are as follows: Three-Speed 


Gasoline-Electric Semi-Automatic Synchromesh 
1400 lb more 160 lb less 1.4 lb more 

These figures take into account all of the elements involved including 
controls, transmission proper, flywheels, clutches, lubricant, generators, 
motors, supports, wiring, and so on. With the hydraulic transmission 
the weight of the cooling system is included. All of the foregoing trans- 
mission systems are used regularly in conjunction with our 6-cyl 707 
cu in. gasoline and 6-cyl 426 cu in. 2-cycle diesel engines. 

4. Last year when I visited Europe, I found that all operators of 
hydraulic transmissions were well satisfied with the results obtained. In 
general, operators agreed that there was little if any difference between 
the fuel consumption of the hydraulic and gear system. There are about 
2000 buses operated in Great Britain with hydraulic transmissions. 
Most of the British hydraulic-transmission-equipped vehicles are oper- 
ated by municipalities but all British operations, whether municipally 
or privately owned, expect to show a profit. British enterprises are not 
interested in red figures. 

5. Our development of the hydraulic transmission was based on its 
use for congested city-service operation where there are vast numbers 
of starts and stops. In this class of service any form of transmission is 
really a device to facilitate the rapid and smooth acceleration of the 
vehicle and, in this respect, the results attained with the hydraulic 
transmission are superior to any form of gear transmission with which 
we are familiar. It is possible that the hydraulic transmission might 
be entirely satisfactory for interurban use where there are heavy grades 
but, since up to the present we have not contemplated the use of the 
hydraulic system in this class of service, we cannot state with authority 
if it would or would not be satisfactory. 

6. The major features of the semi-automatic transmission were de 
termined by the inventor who, in cooperation with the Omnibus Corp. 
and our engineers, developed a design which we all believed would best 
meet general city-service bus-operating requirements. The semi-auto- 
matic transmission was designed to provide a stall speed of 800 rpm 
in accordance with inventor’s ideas. We can, of course, speculate on 
the test results that might be attained by redesigning the semi-automatic 
transmission under discussion, but it will be understood that the tests 
deal with an existing mechanism. The transmission cannot, in any 
sense, be described as a restricted production design and, considering 
all of the difficulties with which we were confronted, I believe the 
project was well executed, and that we have reason to be proud of our 
joint accomplishment. 











Design Problems in the Quantity 


Production of Aircraft Engines 


By Henry C. Hill 


Project Engineer, Wright Aeronautical Corp. 


HE aircraft engine producer faces three unique 

conditions which make quantity production a 
complex problem: first, intensely rapid develop- 
ment; second, great pressure for perfection in 
reliability; and third, an unusually large number 
of variables in the product. 


The author points out that these special condi- 
tions all tend to emphasize the importance of 
quality in the design engineering, with particular 
reference to simplicity. 


The oil-circulating system of the aircraft engine 
is described as an example of one source of pro- 
duction and service troubles. Design improve- 
ments which have overcome these troubles are 
explained, including a new steel crankcase, the 
end-sealed master rod bearing, the “uniflow” 
piston, and a self-cleaning oil filter. 


If production quantities are to be increased sub- 
stantially, the author believes that further concen- 
trated attention to improved and simplified design 
will be necessary, especially where the basic 
engine type is more complicated than the single- 
row air-cooled radial. 


"Ts term “quantity production” as applied to aircraft 


engines means production of the order of 50 to 300 
engines per month. These quantities, although quite 
minor compared with the numbers in which many other 
products are built, nevertheless involve some interesting and 
rather extraordinary problems. It is the purpose of this paper 
to explain some of the things that have been learned in pro- 
ducing engines in these quantities, with particular reference 
to the function and importance of design. Much higher pro- 
duction quantities have been mentioned in recent months and, 
if engines should be needed in such numbers, careful study of 
accumulated experience should be of great value. 
In the aircraft-engine field we have a very stiff set of con- 
ditions to plague us at the outset. Broadly speaking, these 
conditions may be divided into three groups: first, intensely 


{This paper was presented at the National Aircraft Production Meeting 
of the Society, Los Angeles, Calif., Oct. 6, 1939.] 


rapid development; second, a very great pressure for pertec- 
tion in the matter of reliability; and third, a staggering array 
of different requirements to be met with a given engine 
model. 

Development is a byword in the aircraft industry, and the 
insatiable demand for more horsepower from the engines is 
well known. The result is that the engine manufacturer who 
is successful to some degree in meeting this demand, finds 
himself in a state of rapid and continuously accelerating de- 
velopment that is not at all compatible with quantity produc 
tion. 

Fig. 1 shows the increases in output of the g-cyl, single-row 
Cyclone engine since 1928, with the various model designa- 
tions for each step. The performance has been increased from 
525 hp to 1200 hp in 11 yr, without altering the basic dimen 
sions of the engine. 

It has been said that the moment an aircraft engine is 
ready for production, it is obsolete. This statement is true 
as far as maximum performance is concerned, but it will be 
observed from these curves that each of the Cyclone models 
has continued in active production for periods of from 4 to 7 


/ 
yr. Furthermore the development of the older models has 








4300 T T ae > - 
| | R 8206 200 
100 | —+—+_+_-__ iH —1 
~ ae 
ue ————|— t a 
7 R 18206 | 
4000'|———+ | | | 
R820 F 50 
900} — 8 ) 
“ts 
800 T pore + R/820F + | 


HORSE POWER 
N 
g § 


S 








REVOLUTIONS PER MINUTE 





























* 
L ++ —j——} +— +2000 
an a | | 
Se 
| | 7a | | 
i A & lL 4 re A 
1928 4930 4932 1934 1936 7938 
YEARS 
Fig. | —Increases in horsepower and rpm during the past |! 


yr of 9-cyl single-row Cyclone engine. (The older models 
continue to be produced and developed) 


18 Vol. 46, No. 1 


January, 1940 


continued. The reason for this is that engine weight has 
increased as the horsepower has increased. Although the 
weight in pounds per horsepower has consistently decreased 
(from 2 lb per hp in 1928, to 1.07 lb per hp in 1939), each 
significant increase in weight has tended to put the new model 
involved in a different airplane class. Thus, for certain classes 
of airplanes, there continues to be a demand for the lighter 
engine, even though the specific weight is greater. To meet 
this demand and at the same time keep in step to some de- 
gree with modern design practice, it has been necessary to 
incorporate in the older models many of the features de 
veloped for the later models. 

It does not require much imagination to picture the com- 
plexity of the problem involved in keeping so many basic 
models active in the production scheme. 

Rapid development requires a large number of changes in 
design as shown in Fig. 2. The solid line on this chart shows 
the rapid increases in number of changes made yearly. The 
horsepower development curve and the yearly engine produc- 
tion also are shown. 
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Fig. 2—Number of changes in design for each year since 
1928. Engine horsepower and quantities produced are shown 
also for comparison. (The large number of design changes 
is one of the major problems in aircraft-engine production) 


The significant point of this slide is that all these changes 
were made during active production. For the year 1938 it 
will be observed that 1840 engines were built and 1032 
changes were made, or an average of 10 changes for every 18 
engines. This situation is unquestionably unique in this age 
of mass production, but it is certain that the effort required 
to originate and assimilate these changes during fabrication 
was the chief factor in accomplishing the very rapid improve- 
ment of the engine. Continuous changes are a chronic head- 
ache not only to the engine production personnel but also 
to the airplane manufacturer who installs the engines and to 
the operator who uses and maintains them, but there does 
not seem to be anything like complete relief in sight for the 
immediate future because of the swift pace of the industry. 
Some progress has been made in reducing changes of a 
major nature but, in the main, the most improvement has 
been in the direction of more careful selection of the simplest 
and most effective design change to accomplish the desired 
result, and more thorough study of the effects before the 
change is made. Of greater significance is the fact that more 
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Fig. 3 — Origin of changes in design made in Cyclone models 
during the year 1938 


benefit seems to have resulted from speeding up the change 
in design process, than from attempts to choke down the 
number of changes. 

To analyze further this rapidity of change, it is necessary 
to consider the second condition previously mentioned, namely 
the insistent pressure for more safety in aircraft engines — that 
is to say, pressure for attainment of absolutely unfailing relia- 
bility. 

The importance of this factor is not appreciated fully by 
engine designers and producers until a goodly quantity of 
engines has been put in active service. There can be no doubt 
after this experience that reliability is not merely an impor- 
tant consideration, but a positively vital one for, without it, 
not only are sales and service functions upset, but smooth- 
flowing production is impossible. A failure of any sort de- 
mands immediate attention. Although in many cases it is 
possible to point to some questionable method of maintenance 
or operation, usually a way can be found to improve the de- 
sign so that the failure can be prevented and, in most cases, 
the temporary upset in the production schedule has proved to 
be justified 


Origin of Changes 


Fig. 3 shows the origin of the 1032 changes in design made 
while producing the Cyclone single-row models during the 
year 1938. The true origin of many changes is difficult to 
allocate because of the close relation existing between the vari- 
ous departments, but the percentages shown are believed to be 
reasonably accurate. 

By far the majority of changes originate from manufactur- 
ing reasons. This condition does not mean that there was 
lack of consideration of production problems in the original 
design. For the period under consideration (the year 1938) 
there was unusually close cooperation on the engineering and 
production phases of design. All engineering layouts, for ex- 
ample, were examined and approved by the Production De- 
partment before release and, further, all detail drawings 
received individual Production Department checking and ap- 
proval. This procedure involved a great deal of drawing 
revision and delay in the release of drawings, but unquestion- 
ably helped to reduce the number of manufacturing changes 
required after the drawings were released. 

The reason for the very large proportion of the manufac- 
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turing changes, in spite of this design control, lies chiefly in 
the demand for perfection which arises from the reliability 
stimulus. A secondary influence is the increasing quantities 
of engines produced. The pressure of the reliability factor is 
exerted on the manufacturing division from many indirect 
sources, but directly and principally from the Inspection Di- 
vision, which includes not only the company inspection but 
also the resident Government inspection and non-resident cus- 
tomer inspection. Government inspection is subdivided into 
four separate inspection establishments: the Army, the Navy, 
the Coast Guard, and the Civil Aeronautics Authority. Gov- 
ernment inspection also includes non-resident source inspec- 
tion of raw material and accessories. Customer inspection is 
not so well defined, but very definitely exists, because all large 
operators have their own overhaul facilities and, therefore, 
their own inspection personnel. 


Inspectors under Pressure 


This horde of inspectors is, in turn, under pressure from 
their respective management, service, engineering, and oper- 
ating personnel, to such an extent that anything, no matter 
how trivial, that can be construed as a defect will not be 
tolerated. The manufacturing department therefore is hard 
pressed to find ways of eliminating defects, and is forced to 
seek changes in design to keep production moving. 

The third general condition further complicating this 
already intricate production structure is the large number of 
variables required for each engine model. This condition is 


Engine Part 


No. of Types 


illustrated by Table 1, where the variations for the G-100 
series single-row Cyclone are given. 

It seems extraordinary that 116 different engine units or 
components should be necessary for a single engine model. 
Yet, when one realizes that there are some 25 individual air 
plane manufacturers involved in the installation of this engine 
in more than this many different airplanes, the number of 
Variations is not so surprising. Airplane design does not seem 
to be any more stabilized than engine design, so that a great 
many different ideas as to performance of, and attachments 
on, the engine are inevitable. And, when the large number 
of engine variables is multiplied by the number of basic 
models in active production, the magnitude of this aspect of 
the engine-building problem can be appreciated. For the 
single-row Cyclone models alone, the total number of produc 
tion variables is more than 700. 

This calls to mind a recent lecture by Prof. William Lyon 
Phelps on the subject of “Truth and Poetry.” He main- 
tained that poets as a class are the most truthful since their 
works survive the longest, whereas scientists and engineers, 
since they change their minds so often, are obviously the great- 
est liars in the world. There seems to be some truth in the 
accusation, and it would appear to apply not only to airplane 
designers but to the operators and engine designers as well. 
Whether these three divisions of aircraft powerplant engi 
neering can coordinate their efforts toward reducing the en- 
gine variables is a matter worth investigating, for such simpli- 
fication will be reflected immediately in reduced time and cost 
to produce the engine. 


Table 1~ Engine Variations Required in the Production of One Cyclone Model (The G-100) 


Different Parts Required 


1. Propeller Reduction Gear 2 ratios (3:2, 16:11). Two complete sets of gears including propeller 
shafts. 

2. Propeller Adaptation 2 (constant-speed and Hydromatic). Special propeller-shaft sleeves, bushings and adapters 
(to fit both types of reduction gears). 

3. Propeller Governor Drive (original and oversize). Two sets of drive gears, housings and miscellaneous 
parts. 

4. Cowl Supports 2 (lug and stud types). Two cylinder-head castings. 

5. Cooling Baffles 5 or more. Special holes required to suit individual airplane r 
quirements. Also furnished with or without cow! 
sealing leathers. 

6. Oil Pump 3 (with 2 types accessory drive or without). Pump castings and gear change. 

7. Oil Filter 3 (manual, automatic, Army type). Three different filter assemblies. 

8. Engine Mount 2 (with dynamic suspension or without). Special parts added for dynamic suspension. 

9. Fuel Pump Drive 2 (old and new A-N standards). Two drive shafts and adapters. 

10. Starter Drive 2 (3-jaw or 12-jaw). Two splined jaw adapters. 

11. Generator Drive 3 (8 stud pad, 6 stud pad, square spline or invo- ‘Two rear crankcase covers and two driveshafts 


lute spline). 


12. Combined Vacuum-Pump and Hy- 49 (3 ratios, 3 types spline, 3 types mounting pad). 


draulic-Pump Drives 
13. Gun Synchronizer Drives 
14. Magnetos 
15. Ignition Shielding Harness 


2 (old and new A-N standards). 
2 (standard and improved types). ; 
18 (6 different vendors, and special requirements Six different assemblies made by four different 


Six sets of gearing with special spline adapters and 
special pad adapters. 


Two different magneto assemblies. 





for Army, Navy and Commercial). 


One double 


Commercial 


vendors. 

Four different spark plugs, two different contacts 
and two different elbows. 

Five different sets of impeller and intermediate gears. 
One two-speed intermediate shaft assembly. 
Approximately 85 different assemblies by 3 vendors. 


Five castings and stud assemblies. 


Three different pistons, three different nameplate 
markings, three different production test specifica- 
tions. 
None. 





16. Spark Plugs, Spark-Plug Contacts 3 (3 different vendors, and different requirements 

and Spark-Plug Shield Elbows for Army, Navy and Commercial). 

17. Supercharger Drive Ratio 5 (4 different ratios, single speed. 
speed assembly). 

18. Carburetors 34 (3 different types, 5 types fuel inlet, 6 types 
electric primer, 3 types vent ring, 3 types control 
levers, 14 different settings). 

19. Carburetor Mounting Adapters 5 (different scoop locations, different carburetors). 

20. Priming Systems 2 (A-N cylinder priming system. 
diffuser section primer). 

21. Finish 2 (Standard and Navy type finishes on cylinder 
heads and barrels). 

22. Fuels 3 (87, 90 and 95 octane. Each type fuel requires 
special rating, with rpm, compression ratio and 
other changes). 

23. Oils 3 (Army, Navy and W.A.C. Specifications). 

23 Engine Units Subject to Variations 116 Total Number of Variables. 





296 (Approx.) Total number of different parts for 
One Model, (not counting details in vendor- 
furnished assemblies). 
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Fig. 4—Cyclone oil circulating system. (Lack of proper control of oil pressure and flow can be a prolific source of trouble in 
all departments) 


The three general conditions confronting the aircraft-engine 


industry have been described briefly, namely, rapid develop- 
ment, pressure for reliability, and the large number of vari 


ables. Together they threaten constantly to strangle engine 


production and, indeed, they probably represent the most 
exacting production requirements ever faced in a manufac 
turing enterprise. 

All three of these conditions have one thing in common, an 
intimate connection with design — not only the design of the 
basic engine type, but also the design of each of its 5000 or 
more parts. The result is that there is a premium on the 
quality of the design engineering. 

It should be obvious that the most extreme measures are 
justified to obtain the simplest, most foolproof, and most ef 
fective design because, if this objective is attained, the way 
for quantity production is smoothed all along the line. 


Single-Row Radial Simplest 


The single-row air-cooled radial has a great advantage in 
this respect, being the simplest of all basic types. For this 
reason it will probably survive for many years. Where other 
basic types are required to meet higher horsepower or smaller 
diameter demands, the production problem no doubt will be 
greater. Even more emphasis will be needed on the quality 
of the detail design to overcome the handicap of a more com 
plicated basic engine. 

Refinement of detail design covers many phases, most of 
which are well known. Simplicity is surely the outstanding 
objective in aircraft-engine practice and, at the same time, the 
most difficult of attainment. 

There are several other considerations particularly impor- 
tant in the aircraft engine which include: 


First, suitable proportions to achieve the highest safe stress. 
This is the ideal dictated by the ever-present demand for low 
weight in pounds per horsepower. To achieve such finely 
balanced design is no easy matter because it is not possible to 
compromise on the meaning of a safe stress. It can mean only 
one thing —the number of failures to be expected is zero. 

Another strong influence is the supercritical inspection. The 
designer must keep constantly in mind the inspector’s point 
of view, which is a determination to help build as nearly 
perfect engines as possible. The drawing is the inspector’s 
“instruction book” in carrying out this aim so that, if defects 
or omissions exist in the drawing, they are apt to be faithfully 
reproduced in the manufactured article. 

Often these prerequisites are realized only after a second, a 
third, or perhaps a fourth redesign, followed by several minor 
changes, or even a dozen over a period of years. The state 
of the art is still far too imperfect to assure complete satisfac- 
tion of a new idea in the initial conception, but progress is 
being made in this direction. For example, it is customary 
to submit design layouts to at least six experienced engineers 
for criticism. Fortunately criticism is a thing which is very 
freely given without the need of urging and, after six argu- 
ments have been compromised successfully and the approval 
signatures obtained, the resulting design has a fair chance of 
being successful. 

To illustrate the evolution of detail engine design, a few 
examples will be given. These examples will help to explain 
how simplification is achieved, and the part played by design 
refinement, invention, experimental research, production ex- 
perience, and service records. 

Fig. 4 illustrates the Cyclone oil circulating system. The 
various units are identified, together with brief descriptions 
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to show the interdependence between the unit and the system. 
Usually this system is referred to as the lubrication system, but 
actually cooling, distribution of pressure and flow, scavenging, 
and operation of hydraulic mechanisms are equally important 
functions, and therefore the term “oil circulating system” is 
preferred. The propeller governor, and hydraulic type of 
propeller, at the front of the engine, and the hydraulic super- 
charger clutches at the rear, require pressure to operate them. 
The crank chamber in between needs a large flow of oil to 
cool the pistons, and this flow tends to upset the pressure. 
Control of the amount of cylinder and piston heat rejected 
to the oil is necessary to permit design of the oil radiator with 
reasonable accuracy. 

The pressure and flow depend not only on the size of the 
passages which include all the bearing clearances, but also on 
the centrifugal force of rotation of the crankshaft and other 
parts and, furthermore, on the temperature of the oil. 


Avoidance of Churning 


Scavenging of the oil from the crank chamber needs care- 
ful treatment to coax the oil into the sump, otherwise churn- 
ing will increase greatly the heat rejection to the oil and, in 
addition, may absorb considerable horsepower. Even worse, 
oil may build up to such an extent that it will discharge from 
the breather and result in engine failure. 

After the oil reaches the sump, the scavenger pump will 
not pump it out at high altitudes if the flow rate is too high 
for the size of the passages, because it is atmospheric pressure 
which pushes it out, and this pressure is reduced greatly at 
high altitudes. 

Foreign matter in the oil has been a vexing problem from 
the bearing standpoint, and oil filters have received consider- 





Fig. 5—Progress of steel crankcase design. 

case at the left weighed 33 lb more than the previous 

forged-duralumin type, and cost twice as much, whereas the 

latest design at the right has a weight and cost no greater 
than duralumin) 


(The first steel 


able attention for this reason. Conventional filters, however, 
will clog up with sludge in direct proportion to their ability 
to catch fine foreign matter. Since the filter takes all of the 
oil flow between the pump and engine, partial or complete 
clogging will upset the entire oil circulating system. 

It therefore will be appreciated that control of the oil in the 
circulating system is a very complex proposition, and that lack 
of proper control can cause many difficulties in production, 
installation, and operation of the engine. These sources of 
trouble have been eliminated by some relatively simple im- 
provements in design, but a truly vast amount of experimental 
work had to be done before the correct methods were brought 
to light. 

About two years ago, it became evident that something 
would have to be done to improve the uniformity, between 


engines of identical model, of the amount of heat imparted 
to the oil. One engine would cool satisfactorily with a given 
oil radiator, and another would not. Oil flow limits were 
set up for production engines, based on suitable averages de- 
termined by experiment. It was found necessary to provide 
a means of varying the amount of oil thrown to the pistons 
and cylinders because it was not possible to control the mas- 
ter-rod and link-rod bearing fits closely enough to keep the 
flow within reasonable limits. A jet was provided in the 
crankpin, the size of which could be reduced or increased to 
bring the flow within the specified range at a specified oil-in 
temperature, pressure, and engine speed. 


Disadvantage of Variable Jet 


This variable jet helped the airplane installation oil-cooling 
problem appreciably, but produced a very unpleasant produc- 
tion problem because it frequently was necessary to change 
the jet several times before the right oil flow could be ob- 
tained. 

In the meantime, it developed that some engines which had 
the Aigh-limit oil flow would not scavenge the crankcase 
properly under extreme conditions of rpm and oil tempera 
ture. At the same time, these extreme conditions caused loss 
of oil pressure available for the hydraulic supercharger clutches 
and propeller governors. Obviously, an increase in the oil 
pressure of the system, by adjusting the relief valve, would 
only further aggravate the scavenging and oil-cooling dif- 
ficulties. 

Furthermore, some engines which passed the oil flow mini- 
mum requirement developed symptoms of oil starvation on 
cylinder walls, pistons, and piston rings. The disturbing dis- 
covery was made that much of the oil flow variation between 
different engines occurred in the rear crankcase section as well 
as in the power section, despite very close inspectional control 
on bearing fits. Thus, in some cases, small jets installed in 
the crankpin allowed an engine to pass on the oil-flow re- 
quirement when there was excessive flow in the rear section 
and insufficient flow in the power section. 

Still another consideration was the relatively large increase 
in oil flow from the crankpin caused by very small increases 
in master-rod bearing clearance as operating time was built 
up in service. The complications involved in periodically 
measuring the flow and adjusting the jet under service con- 
ditions were obviously impractical. 

Confronted with these difficulties, several experimental re- 
search programs were initiated. From these rather elaborate 
experiments, the facts were established as follows: 


Importance of Crankcase Design 


First, crankcase scavenging in a radial engine was found 
to be influenced most strongly by the design of the crankcase 
with particular reference to the placement of the oil outlet 
holes and the breathing holes. 

The oil “loading” phenomenon was easier to produce with 
nine cylinders in a row than with seven. The heat rejection 
to the oil showed the normal straight-line reduction with in- 
creased oil temperature until the loading point was reached, 
whereupon a very marked increase in heat rejection occurred. 
It was proved clearly that, with clean scavenging, it was pos- 
sible to improve piston cooling by increasing the oil flow and 
oil-in temperature without increasing the heat rejection to the 
oil. This result is possible by virtue of the oil cooling which 
takes place in the crankcase and oil passages, which have con- 
siderably lower temperatures than the oil thrown off the 
pistons. 


Second, sump scavenging was not any problem on the test 
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stand. But measurements of the pump suction demonstrated 
that, at high oil flows, inlet depressions as high as 12 in. hg 
could be obtained with passages previously considered to be 
adequate in size. Since the available atmospheric pressure 
above 23,000 ft is less than 12 in. hg, it was evident that 
scavenging trouble might be expected when the high oil 
flows existed, 

Third, piston lubrication and cooling proved to have very 
definite requirements in the matter of the most desirable oil- 
flow quantity. The quantity needed for lubrication was found 
to depend on the piston and piston-ring design, but best re- 
sults were obtained with the maximum flow which could be 
used without exceeding established oil-consumption stand- 
ards. Piston cooling turned out to be something like a direct 
function of quantity of oil flow, but here again the designs of 
piston and rings were equally important factors. 

Fourth, the factors controlling the amount of oil flow in 
the crank chamber were found to be in the order of their 
importance: 


Factors Controlling Oil Flow 


a. The crankpin bearing clearance, which constituted the 
most sensitive oil-flow restriction in the system. 

b. Oil temperature (which so greatly affects the oil vis- 
cosity ). 

c. Crankshaft rpm which is important because the centrifu- 
gal effect makes the oil pressure in the crankpin vary as 
the square of the speed. 

d. The amount of bearing and seal leakages at points other 
than the crankcase bearing, which determines how much the 
pressure drops off between the gage and the crankpin. 

e. The engine gage pressure. 

f. The size of oil passages between oil pump and crankpin, 
which determines the pressure losses caused by frictional 
resistance to the flow. 

Having determined the relationship and relative impor- 
tance of these facts, it was by no means clear how to provide 
the needed improvements. However, a solution which has 
proved quite satisfactory was evolved by means of several 
design developments having their origin in the experimental 
evidence. 


Annulus Provided 


The scavenging improvement was accomplished in the de- 
sign of the Cyclone G-200 crankcase as shown on Fig. 4 by 
providing an annulus on the outside rim of the front and rear 
power section walls. Each annulus is closed off from the rest 
of the engine, except for a number of relatively large holes 
in the crank chamber placed at intervals around the circum- 
ference, and two passages into the oil sump at the bottom. 

The crankshaft and connecting rods rotating in the crank 
chamber with relatively small clearances, have a centrifugal 
pumping action, causing a higher pressure at the rim than at 
the center. By placing the discharge holes as far as possible 
from the center, advantage is taken of this increased pressure 
to blow out the oil before it can collect in sufficient quantities 
to be picked up and recirculated by the counterweights. After 
entering each annulus the oil runs by gravity to the bottom, 
and thence to the oil sump where it is removed by the scav- 
enger pump. Further assistance to clean scavenging is pro- 
vided by connecting the breather opening to the top of the 
oil sump, so that the flow of the blowby gases assists the pas- 
sage of oil out of the crank chamber into the sump. This 
simple but very effective scavenging arrangement, together 
with enlarged suction passages in the oil sump, opened the 
way for the desired higher oil flows. 

Fig. 5 shows the progress of steel crankcase design, the 
latest one, at the right, having the oil scavenging features just 
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described. It will be noted that considerable simplification 
has been accomplished, along with these improvements, as 
compared to the earlier types. These three crankcases rep- 
resent three steps in cost and weight reduction, using forgings 
of heat-treated steel rather than duralumin. The first steel 
design, shown at the left, weighed 33 lb more than the duralu- 
min type previously used, and cost approximately twice as 
much to make. The latest type at the right, by virtue of its 
simplification, achieves a weight and cost no greater than the 
older duralumin cases, notwithstanding the fact that its useful 
life is far superior, at cylinder outputs 20% higher. The sig- 
nificance of this development may be appreciated by the re- 
alization that steel in suitable proportions for equal weight, 





Fig. 6— Master rods with (right) and without the end-sealed 


bearing. (Designed for improved oil control and bearing 
lubrication, the end-sealed master rod bearing also per- 
mitted substantially higher bearing loads) 


does not have the three fundamental defects of duralumin 
which are: first, low fatigue strength; second, loss of strength 
at operating temperatures; and third, inability to withstand 
minute rubbing movement or chafing. Even though the steel 
forgings must be machined all over, which is expensive, 
whereas many surfaces on dural forgings may be used as 
forged, their total cost is no higher as other machining opera- 
tions are eliminated. It is believed, therefore, that a marked 
advance has been made in crankcase design and production 
engineering, to the extent that the use of duralumin for this 
purpose is probably obsolescent. 

The undesirable crankpin-bearing oil-flow characteristic was 
overcome by another design development known as the end- 
sealed master-rod bearing. These end seals not only accom- 
plished the needed oil-flow control, but also caused an unex- 
pectedly important increase in the load-carrying capacity of 
the bearing. 


End-Sealed Bearing 


At the left of Fig. 6 is shown the conventional master-rod 
bearing and associated parts, and on the right, the end-sealed 
bearing. 

The end seals are simply discs piloted on the master rod, 
one on each side, and bearing against shoulders provided on 
the crankcheeks. The oil which escapes from the ends of the 
bearing, therefore, cannot be thrown off by centrifugal force, 
and the amount of leakage is controlled, not by the bearing 
clearance, but by the fit of the seal discs. In practice, it was 
found possible to use relatively close seal fits, and to reduce 
the flow from the bearing about 50%, the additional oil for 
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Fig. 7 — New piston with remarkable cooling and anti-scuffing 


characteristics. (The piston on the right exhibits, after 400 
hr of high-output running, the highly polished skirt bearing 
which is characteristic of the "“uniflow lubrication" arrange- 
ment. The cooling spikes under the dome, and the coiled- 
spring pin retainers are other unconventional features) 


piston cooling and lubrication being supplied by jets in the 
front and rear crankchecks. 

This arrangement made it possible to discard the jet-chang- 
ing procedure and to standardize on the size of the jets to 
suit the oil flow requirements desired for a given engine 
model. The bearing clearance is no longer a vital factor, thus 
eliminating the necessity of replacing a perfectly good bearing 
because the clearance has increased one or two thousandths 
of an inch. 

From the point of view of refined design, the end-sealed 
type master rod is an interesting example. The front steel 
plate which pilots the seal disc has six functions: namely, 
locking the knuckle pins against endwise and rotational move- 
ment, locking the bearing shell, also against endwise and ro- 
tational movement, feeding oil to the knuckle pins, and pro- 
viding the recess for the front seal. 


Oil Holes and Groove Removed 


In addition to the new function of oil-flow control and the 
improvement in load-carrying capacity of the bearing, the 
new design removes the stress-raising oil-feed holes and groove 
from the highly stressed master-rod big end. The parts cost 
somewhat more to produce; yet the overall production cost is 
less because expensive bearing rejections during production 
test teardown inspections have been virtually eliminated. This 
bearing has withstood successfully over-speed dive tests at a 
loading in excess of 6000 lb per sq in. 

Two other design items are worthy of mention in connec- 
tion with improvement of the oil circulating system: first, a 








Fig. 8- Manual and automatic-cleaning types of oil filters. 

(The manually cleaned type [top] will clog if not turned 

every 10 hr, but the "self-cleaning" type will stay clean in- 
definitely) 


piston which makes better use of the oil supplied to it by the 
crankpin jets, and second, an automatic or self-cleaning oil 
filter, which goes a long way toward eliminating the filter- 
clogging hazard. 

The piston in Fig. 7 looks much like previous aircraft- 
engine pistons, but it behaves very much better because of 
two simple changes. The bottom oil scraping ring is turned 
upside down, making it a pumper instead of a scraper, and 
the oil drainage above the skirt has been increased. Not only 
did this arrangement eliminate piston scuffing, permitting a 
very substantial increase in piston speed but, at the same time, 
a marked reduction in piston temperature occurred. It would 
appear that for many years our efforts to scrape oil off the 
cylinders were somewhat misguided because we were scraping 
it the wrong way. Besides starving the skirt of lubrication, 
the conventional method removes most of the heat-transfer 
medium between the skirt and cylinder wall, whereas the new 
method provides a fresh oil film at each stroke. With the 
pumping bottom ring it was necessary to improve the oil 
control above the skirt, but this improvement did not prove 
to be difficult. This piston is known as the “uniflow” type, 
the somewhat misleading name being derived from the fact 
that the oil flow across the skirt bearing surface is always in 
the upward direction during both the upward and downward 
strokes of the piston. 


Unconventional Design Features 


There are two other unconventional design features: first, 
spikes, or stalactites forged on the under side of the dome for 
cooling without any connecting webs to induce fatigue cracks; 
and second, coiled-spring retainers for the piston pin. The 
latter, having considerable flexibility in the circumferential 
direction, eliminate the possibility of overstressing during in- 
sertion, as well as fatigue resulting from improper fit in the 
groove, which can occur with other types of snap rings. 

Two oil filters are shown in Fig. 8, both made by a well- 
know filter manufacturer, and both of the piled-disc type with 
means provided to rotate the cartridge for cleaning. The filter 
shown at the top with the manually-operated cleaning handle 
is clogged completely with carbon, sludge, and other foreign 
matter. This clogging can occur if the handle is not turned 
every 10 hr, or sooner if excessive sludging of the oil occurs. 
The self-turning model at the right has an hydraulic motor 
in the cartridge head, operated by the engine oil pressure, 
which continuously cleans the cartridge. The filtered matter 
cleaned off the cartridge discs may be seen in the photograph 
underneath the cross-bar. 

The motor contained in this little box 2 in. long and 3 in. 
wide, is a clever piece of design, wherein the reciprocating 
motion of an oil-operated piston is transformed into a slow- 
motion high-torque rotation. The filtering cartridge is the 
same size in both types, but the addition of the motor has 
approximately doubled the oil-flow capacity. 


Conclusion 


The foregoing description has covered in a rather sketchy 
manner some of the design developments which have helped 
overcome difficulties in the production and operation of en- 
gines. The very marked influence of design in improving 
the oil-circulating system has been illustrated, and this, of 
course, is only one of the many phases of engineering in- 
volved in engine improvement. Some idea has been given of 
the complexity of the engine-production problem, with the 
attendant design problems. If engine production is to be 
increased substantially, there is no doubt that very serious 
attention must be directed toward simplification of all of the 
factors which burden the existing production picture. 


Engine Combustion and Pressure 


Development 


Effects of Mixture Ratio, Spark Position, and Throttle 
Opening on Flame Pictures and Pressure Cards 


By Gerald M. Rassweiler, Lloyd Withrow, and Walter Cornelius 


Research Laboratories Division, General Motors Corp. 


IGH-SPEED motion pictures of the flames in 

a gasoline engine have been photographed, 

together with pressure records of the same-explo- 

sions. These records of flame motion and pres- 

sure development have been examined to deter- 

mine the effects of changing the mixture ratio, the 
spark position, and the throttle opening. 


Also, some quantitative relationships between 
the fraction of charge burned and the pressure 
developed at any time during the explosion have 
been tested with the experimental data observed 
while operating the engine under several sets of 
conditions. 


It is shown that, by means of these relation- 
ships. both the fractional volume and fractional 
mass of charge inflamed at any time may be calcu- 
lated from the pressure cards with an accuracy 
comparable with the accuracy of the present ex- 
perimental observations. 


HIS paper presents and discusses new experimental data 

consisting of flame pictures and pressure records of 

single explosions in a gasoline engine operating under 
several sets of conditions. The engine is of the single-cylinder, 
L-head type and is equipped with a window large enough to 
cover the entire combustion space. Through this window 
pictures of the flame have been photographed with a special 
camera’ at intervals of 2.4 crankshaft deg throughout the 
period of flame propagation. The pictures so obtained may be 
used to determine quantitatively the amount of combustion 
at any time either in terms of fractional volume inflamed or 
in terms of fractional mass inflamed. 





[This paper was presented at the 
Society, Detroit, Mich., Feb. 6, 1939.] 
1See Industrial and Engineering Chemistry, Vol. 28, June, 1936, pp. 
672-677: “High-Speed Motion Pictures of Engine Flames,” by Gerald M. 
Rassweiler and Lloyd Withrow. 
4See SAF Transactions, Vol. 33, May, 1938, pp. 185-204: ‘Motion 
Pictures of Engine Flames Correlated with Pressure Cards,” by Gerald M. 
Rassweiler and Lloyd Withrow. 


Detroit Section Meeting of the 


January, 1940 


In an earlier paper”, several methods were suggested for 
determining from the pressure card the amount of charge 
that is burned at any time during an engine explosion. These 
methods were given a preliminary test by applying them to 
data from six explosions that occurred under the following 
engine conditions: 

Speed, goo rpm 

Spark advance, 25 deg 

Fuel, Iso-octane 

Air-fuel ratio, 13:1 

Compression ratio, 4.6:1 

Throttle, Full open 


The values of fractional volume inflamed and of fractional 
mass inflamed that were obtained by applying the methods of 
analysis to the pressure cards differed by about 5% from 
corresponding data determined from the flame pictures. 

But, inasmuch as these earlier data represent explosions that 
occurred under only one set of engine conditions, the question 
naturally arises as to whether the correlation established previ- 
ously between the progress of combustion and the pressure 
development is affected by such operating conditions as mix- 
ture ratio, throttle opening, engine speed, spark-plug location, 
combustion-chamber shape, compression ratio, and composi- 
tion of the fuel. In the present paper this question is an- 
swered partially by the analysis of data secured under several 
sets of engine conditions. 

In addition to providing a check on the effects of engine 
conditions on the correlation established previously between 
the progress of combustion and pressure development, the 
flame pictures and pressure cards in the present paper show 
the effects of certain engine variables on the characteristics of 
the explosion process. Among the more obvious character- 
istics that are affected are the time required for combustion, 
the maximum pressure developed, the time of development 
of maximum pressure, the pressure rise due to combustion, 
and related quantities. 


Survey of Engine Conditions Covered 


All of the flame pictures presented herein were obtained 
while operating the engine at 900 rpm with no heat added to 
the intake mixture. The compression ratio ranged between 
4.6:1 and 4.8:1. Neither one of the fuels employed in the 
present work (iso-octane and gasoline) showed any tendency 
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Fig. | — Flame pictures of explosions of 13:1 air-fuel 
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richer than 13:1 have not been included in the study because 
the trend in commercial engines appears to be toward the use 
of maximum-economy air-fuel mixtures. The lean limit, on 
the other hand, was fixed by the ignition difficulties which 
appeared when operating with mixtures leaner than 19:1. On 
the basis of these considerations, it is believed that the range 
of mixture ratios included in this investigation is a most 
important one so far as the operation of commercial gasoline 
engines is concerned. 

The mixture ratio was determined from the analysis of a 
sample of exhaust gas which was removed from the exhaust 
line while photographing each flame picture. On account of 
the explosion-to-explosion variation in mixture ratio as well 
as the variation in mixture ratio from one run to another, the 
average values listed in Table 1 may not represent accurately 
the air-fuel ratio in any particular explosion. 

In Table 1, it will be noted that data were obtained first 
with the ignition spark located near the end, and then near 
the center of the combustion space. At both of these spark 
positions, pictures were recorded with air-fuel mixtures of 
approximately 13:1 and 19:1. The last two groups of pictures 
listed in Table 1 were recorded with the throttle closed to the 
point where the indicated mean effective pressure was reduced 
to about 46% of the full-throttle value. For both of the latter 
groups of pictures, the air-fuel ratio was approximately 13:1 
and the ignition spark was located near the center of the com- 
bustion chamber. 

In all of the runs except one, the spark advance was held 
at 25 deg. This advance was considerably greater than that 
needed for maximum power when operating at full throttle 
with an air-fuel ratio of 13:1, the maximum output being 
obtained with a spark advance of about 12 to 15 deg depend- 
ing on spark position. 


Examination of the Flame Pictures 
The flame pictures to be analyzed in this paper are pre 
sented in Figs. 1 to 8, inclusive. Each figure includes pictures 
of several explosions that occurred under one of the sets of 
engine conditions in Table 1. 


A serial number has been 
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placed in the upper left corner of each flame picture to facil- 
itate the discussion of the data. The original pressure records, 
which were recorded simultaneously with the flame pictures, 
are not reproduced here; instead, the pressure data are pre- 
sented in the form of numerical values and plotted curves. 

The flame numbers beneath the flame pictures show the 
chronological order in which the individual pictures were 
recorded. Below the frame number is the crank angle at 
which the exposure of each frame ended, the minus sign 
denoting angles before top dead-center and the plus sign 
denoting angles after top dead-center. The angular interval 
between the end of the exposure of one frame and the end of 
the exposure of the next, is 2.4 crankshaft deg, the duration 
of each exposure being 2.2 deg. In each frame the forward 
edge of the flame front represents the position of the latter at 
the end of the exposure of that frame; that is, at the angle 
indicated beneath the picture. 

The next item below each flame picture is the engine pres 
sure in lb per sq in. absolute, observed at the corresponding 
crank angle. These pressures were measured with a carbon- 
stack indicator calibrated, under firing conditions in an en- 
gine, against a balanced-diaphragm indicator as outlined in a 
previous paper”. The last two items beneath the flame pic- 
tures, the inflamed volume and mass, show the extent of 
combustion at the end of the exposure of each frame. The 
methods of obtaining these two items of data will be dis- 
cussed at a later point in this paper. 

The Effect of Mixture Ratio on the Characteristics of the 
Explosion Process when Operating with “End” Ignition — The 
flame pictures reproduced in Figs. 1, 2, and 3 were photo- 
graphed with the engine operating under the conditions listed 
in Groups 1, 2, and 3, respectively, of Table 1. In all these 
pictures the exhaust valve is in the lower-left corner of the 
combustion space and the ignition spark, when visible on the 
pictures, is close to the end wall midway between the two 
valves (for example, Frame 3 of Explosion 733, Fig. 3). The 
spark occurred after the end of exposure of Frame 2 and 
before the end of exposure of Frame 3 in all of the explosions 
in Figs. 1, 2, and 3, except Nos. 801 and 803. In the latter 
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explosions the spark occurred during the exposure of Frame 2. 

Examination of Figs. 1 to 3 reveals that the flame envelopes 
are generally not spherical in shape. Occasionally the boun- 
dary of the inflamed charge might approximate a sphere but, 
in such cases, the center of the sphere is not at the point of 
ignition. This unsymmetrical flame propagation is to be 
expected for, as pointed out by Marvin, Wharton, and 
Roeder*, “the effect of gas movements set up by the burning 


8See NACA Technical Report, No. 556, 1936: “Further Studies of 
Flame Movement and Pressure Development in an Engine Cylinder,” by 
Charles Marvin, Jr., Armistead Wharton, and Carl H. Roeder. 
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of a charge in a non-symmetrical container is to carry the 
flame front most rapidly toward the greatest volume of un 
burned gas; that is, there is a tendency for the flame surface 
to shape itself to the container walls.” 

It is interesting to note that the flame envelope is consider 
ably more ragged in the flame pictures taken with a lean 
mixture (Fig. 3), than in pictures taken with a maximum 
power mixture (Fig. 1). For example, Frames 13 to 18 of 
picture 732 (Fig. 3) show several tongues of flame pushing 
out ahead of the main body of flame. Also, Frames 19 to 22 
of picture 734 show the flame proceeding along two sides of 
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Fig. 2— Flame pictures of explosions of 16:1 air-fuel mixtures ignited at the end of 
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a “peninsula” of unburned charge (upper right corner) which 
finally disappears in Frames 23 and 24. The examination of 
this latter phenomenon is somewhat hampered by the fact 
that considerable sodium was added to the flames to increase 
their photographic effectiveness during the first part of the 
burn, with the result that later frames were considerably 
overexposed. These irregular flame fronts may result from 
at least two different causes: first, since the flame propagates 
more slowly as the mixture becomes leaner, any local gas 
movements have a better opportunity to distort the flame 
fronts. Second, the irregular shapes of the flame fronts may 
result from unequal distribution of the fuel, air, and residual 
exhaust gas throughout the combustion space, together with 
the consequent variations in flame velocity in various regions. 
The influence on flame velocity of non-homogeneities in the 
charge naturally would become more pronounced as the aver- 
age mixture approached the limits of inflammability. These 
effects will receive further attention in connection with later 
pictures. 

Comparison of the flame pictures taken under a given set 
of engine conditions shows a marked variation from one 
explosion to another in the form and size of the flame en 
velope at a given crank angle. These random variations in 
combustion are probably the result of variations from explo- 
sion to explosion of such factors as the mixture ratio, the 
concentration of residual exhaust gas, the vaporization of the 
fuel, and the distribution of the fuel, air, and scavenge gas in 
the combustion chamber. Accompanying these differences in 
flame propagation are differences in such quantities as the 
time required for combustion, the maximum pressure devel- 
oped, and the angle at which the maximum pressure is 
developed. Table 2 presents numerical values for these latter 
quantities in six explosions recorded while operating with a 
13:1 air-fuel ratio. 

It is interesting to note in Table 2 that the time required 
for flame propagation varies by 30% between explosion 744 
and 745, and that the maximum pressure varies by as much 
as 9% in explosions observed under the same operating con- 
ditions. Table 2 also suggests that the maximum pressure 
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Table 2-Explosion-to-Explosion Variations with an Air- 


Fuel Ratio of 13:1 


Crank-Angle Maximum Pressure Mass Inflamed 
Interval Required Magnitude, Angle at Time of 
for Flame lb per sqin. past TDC, Maximum 

Explosion Propagation, deg absolute deg Pressure, % 

744 50 347 10.4 89 

745 35 370 10.4 100 

746 47 358 12.8 97 

747 47 348 10.4 92 

801 44 353 16.2 4g 

803 48 335 13.8 91 
Mean 45 352 12.3 95 


becomes higher as the rate of combustion increases (for exam- 
ple, compare 744 and 745). 

The explosion-to-explosion variations in Table 2 indicate 
that, under each set of operating conditions, data from several 
explosions must be examined if reliable information is to be 
obtained about the effects of engine conditions on the com- 
bustion process and on the pressure development. Such a 
procedure, in addition to averaging out the explosion-to 
explosion variations, averages out some of the observational 
errors in the experimental data. On the other hand, in study- 
ing the relationships between the progress of combustion and 
the development of pressure, it is a great advantage to deal 
with each explosion separately for, as indicated in Table 2 
and as will be shown in more detail later, each random 
change in combustion is accompanied by a related change in 
the engine pressure. 

The effect of mixture ratio on. the combustion and on the 
pressure in the engine will be examined in more detail later 
in this report, but a preliminary comparison can be made in 
Table 3 between some of the more interesting quantities: 


Table 3-—Comparison of Some Average Pressure and 
Combustion Data from Figs. 1 and 3 (End Ignition) 


Crank-Angle Maximum Pressure Mass ‘Inflamed 
Interval Required Magnitude, Angle at Time of 
for Flame lb persqin. after TDC, Maximum 
Group Propagation, deg absolute deg Pressure, % 
1. (13:1 air-fuel) 45 352 12 95 
3. (19:1 air-fuel) 64 269 22 81 


It will be noted that, in changing from a 13:1 to a 19:1 
mixture, there was a very marked increase in the combustion 
time. In fact, it was necessary to reproduce 30 consecutive 
pictures of the flame in Fig. 3 instead of 24 as in Figs. 1 
and 2. Accompanying this increase in combustion time was a 
decrease in the average maximum pressure from 352 lb per 
sq in. absolute in Fig. 1 to 269 lb per sq in. absolute in Fig. 3. 

It is well known that the effects of slow rates of combustion, 
such as were observed with lean mixtures in Fig. 3, can be 
offset to some degree by placing the point of ignition near 
the center of the combustion space. An investigation of the 
effects of such a change is of some additional interest because 
changing the spark position is, in some respects, similar to 
altering the combustion-chamber shape. On account of these 
and other considerations, the point of ignition was moved 
nearer the center of volume of the combustion space. This 
move was accomplished by welding a piece of wire to the 
high-tension electrode of the spark-plug-type pressure indica- 
tor. The wire extended out from the end wall 114 in. where 
the spark jumped to a ground wire. The remaining flame 
pictures in this paper were photographed with the spark in 
this central position. 

Pictures Taken at Full Throttle with Center Ignition — The 
explosions portrayed in Figs. 4, 5, and 6 were photographed 
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with the engine operating at full throttle and with other con- 
ditions as listed in Groups 4, 5, and 6, respectively, of Table 1. 
It will be noted that Fig. 4 contains only six of the seven ex- 
plosions included in Group 4. All of the explosions in these 
three groups were recorded with the spark located near the 
center of the combustion space. This position is indicated by 
the small arrow in Frame 3 of Explosion 795 in Fig. 4. As is 
indicated in Table 1, the difference between the explosions in 
Figs. 4 and 5 is the spark advance, and the difference between 
the explosions in Figs. 4 and 6 is the mixture ratio. 

An examination of Figs. 4 to 6 shows that the flame fronts 
are by no means spherical in shape. However, if in some of 
these pictures the flame envelopes were approximated by 
spheres, the centers of the spheres would generally be closer 
to the point of ignition than in the pictures taken with the 
spark at the end of the chamber. This observation is not sur- 
prising for, inasmuch as the flames tend to propagate faster 
toward the larger volumes of non-inflamed charge, one might 
expect a more symmetrical flame propagation when the non- 
inflamed charge is distributed more uniformly about the point 
of ignition. 

In comparing Figs. 1 and 3, it was pointed out that the 
flame fronts are much more ragged with the leaner mixtures. 
The same observation can be made in comparing Figs. 4 and 5 
with Fig. 6. The pictures in Fig. 6 indicate that, in 19:1 air- 
fuel mixtures, the flame propagates through neighboring small 
elements of charge at widely different rates. Frames 16 to 18 
of Explosion 808 (Fig. 6) show the flame almost surrounding 
a small portion of charge in the lower right corner over the 
piston. Also, in Frames 13 to 15, the flame seems to pass 
completely around a small section of charge over the exhaust 
valve, leaving what looks like an island of non-inflamed 
charge in Frame 15. In Frame 16, this dark spot has disap- 
peared, due either to its inflammation or possibly to the in- 
flammation of charge immediately above or below it. Similar 
effects are observed under part-throttle conditions and will be 
discussed in more detail in connection with Figs. 7 and 8. 

The dark line passing from the left into the inflamed body 
of charge in Fig. 6, Explosion 806, Frames 11 to 13, inclusive, 
and in Explosion 808, Frames 11 to 16, inclusive, is the exten- 
sion wire leading to the spark gap. It is rather surprising that 
the wire is so plainly visible in Frame 13 of Explosion 808 for 
example, as compared with the corresponding frames of Explo- 
sions 806 and 807. This difference might suggest that, in the 
former picture, the portion of the charge between the wire 
and the window is only partially inflamed; another possible 
explanation is that more sodium was in the charge in Explo- 
sions 806 and 807, with the consequent stronger emission of 
light from the flames, and much heavier exposure of the 
photographic negative. 

Some of the general effects of these various changes in oper- 
ating conditions on the combustion process and on the devel- 
opment of pressure are summarized in Table 4. 

A comparison of Tables 3 and 4 shows: 1. that changing 
the spark from the end to the center of the combustion space 
advances the time at which combustion ends and the time of 


Table 4—Some Average Pressure and Combustion Data 
From Figs. 4, 5, and 6 (Center Ignition) 





Crank-Angle Maximum Pressure Mass Inflamed 
Interval Required Magnitude, Angle at Time of 
for Flame lb persqin. past TDC, Maximum 
Group Propagation, deg absolute deg Pressure, % 
4, (13:1 air-fuel) 37 386 8 98 
(25-deg advance) 
5. (13:1 air-fuel) 39 364 12 93 
(20-deg advance) 
6. (19:1 air-fuel) 53 312 15 90 
lt anew) 


appearance of maximum pressure, particularly when operating 
with lean mixtures; 2. that changing the spark from the end 
to the center of the chamber increases the maximum pressure 
observed; 3. that retarding the ¥ ce from 25 deg to 20 deg 
with central ignition (Group 5, Table 4) brings the time of 
appearance of maximum pressure to approximately the same 
angle that was observed with end ignition and a spark ad- 
vance of 25 deg (Group 1, Table 3); 4. that, with central ig- 
nition, as with end ignition, leaning the mixture from 13 to 
19 lb of air per lb of fuel markedly i increases the combustion 
time and decreases the observed maximum pressure. 

Another well-known factor which affects the rate of com- 
bustion in an engine is the concentration of residual exhaust 
gas or the degree of exhaust gas dilution. This factor was in- 
vestigated in the engine used for the present work by analyz 
ing samples of charge that were taken from the combustion 
space prior to ignition, and comparing these samples with 
exhaust-gas analyses. The sampling was accomplished with 
an electrical sampling valve located near the center of the 
roof of the combustion chamber. The valve was obtained 
from the Commercial Engineering Laboratories in Detroit. 
If the samples obtained with the valve were representative of 
the entire contents of the chamber prior to ignition, the re- 
sults of these experiments indicate that the residual exhaust 
gas comprises about 17% by weight of the charge in the en 
gine used in this work when the throttle was full-open. 

Pictures Taken with the Throttle Partly Closed —A con- 
venient method of changing the concentration of residual ex- 
haust gas consists in closing the throttle. The present engine 
therefore was operated with a throttle setting which reduced 
the mean effective pressure from approximately 100 lb per sq 
in. to approximately 46 lb per sq in. Under these conditions 
the concentration of residual exhaust gas determined by the 
method just outlined was about 28%, that is, the change in 
throttle opening increased the exhaust-gas dilution by 11% 
Accompanying this increase in exhaust-gas dilution there were, 
of course, changes in the pressure and temperature of the 
charge at the time of ignition. 

In order to investigate the effect of these changes in the 
initial conditions, at the time of ignition, on the combustion 
and on the development of pressure, the flame pictures in 
Figs. 7 and 8 were photographed while operating the engine 
on iso-octane and Gasoline C, respectively. The spark ad- 
vance was again set at 25 deg before top dead-center corre- 
sponding approximately to the beginning of the exposure of 
Frame 2 (25.2 deg). (It should be noted that the angle at 
which a given frame was exposed differs somewhat from one 
set of pictures to another in this paper.) The ignition spark 
appears near the center of the combustion chamber in Frame 2 
of several of the explosions. 

The flame pictures in Figs. 7 and 8 are so nearly alike in 
general appearance that these two figures can be discussed to- 
gether. When the flames first become visible in the pictures 
of these explosions, the center of volume of the inflamed 
charge is frequently at some distance from the spark gap. In 
fact, in early frames of some of the explosions the inflamed 
volume of charge does not even surround the spark gap. For 
example, in Explosion 886, Frame 6 and in Explosion 880, 
Frames 7 and 8, the spark gap is definitely outside of the in- 
flamed charge; in several other cases the gap is at the edge 
of the inflamed charge. In general, the direction of the shift 
of the inflamed charge is away from the piston and toward 
the exhaust valve, that is, toward the lower-left corner of the 
flame pictures. The amount and direction of the motion of 
the center of the inflamed charge vary considerably from one 
explosion to another. 

Three possibilities have been considered in an effort to ac- 
count for the displacement of the inflamed body of charge 
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Fig. 3-—Flame pictures of explosions of 19:1 air-fuel mixtures ignited at the end of the combustion chamber 
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away from the spark gap in the early phases of the combustion 
process: 

1. Since the average rate of flame propagation decreases 
rapidly as the concentration of residual exhaust gas increases, 
it might be expected that imperfect mixing of the fuel, air, 
and residual gas would result in non-uniform rates of flame 
propagation in different directions from the spark gap. For 
example, if the fresh charge were concentrated in the region 
over the valves, one might expect the flame to move more 
rapidly toward this end of the combustion space than toward 
.the piston. Such an effect could not, however, account for the 
cases in which the flame, in its early stages, does not even sur- 
round the spark gap. 
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2. During the recording of these explosions the extension 
wire coming from the indicator to the spark gap became quite 
hot; consequently, the flames might spread more rapidly along 
the wire than in any other direction through the charge. This 
possibility is not consistent with the behavior of the flames in 
Explosions 884, 890, and 891 where the early frames show the 
inflamed body of charge displaced toward the exhaust valve 
side of the chamber away from the wire. 

3. On account of the slow rates of combustion during the 
early phases of the part-throttle explosions, the flame position 
in the combustion space may be controlled to some degree by 
the mass movements of the charge during the intake and com 


pression events. The piston in compressing the mixture, for 
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Fig. 4— Flame pictures of explosions of 13:1 air-fuel mixtures ignited near 
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example, pushes the portions of charge located near the spark 
gap toward the end of the combustion space away from the 
piston. 

Evidence of still another type of mass motion of the charge 
is shown on pictures recorded at engine speeds higher than 
those used for the present work. One of these pictures, shown 
in Fig. 3 of a previous paper*, indicates that the entire charge 
was rotating in a counterclockwise direction during the com- 
bustion period. Now, in connection with these possible mass 
movements of the charge, it will be recalled that the observa- 
tions in Figs. 7 and 8 were the following: 1. The drift in the 
position of the flame was observed in the interval between 25 
deg before and 10 deg before top dead-center. 2. The in- 
flamed portion of the charge always moves away from the 
piston and occasionally moves in the general direction of the 
exhaust valve. The observations on the flame pictures of part- 
throttle explosions are, therefore, consistent with the idea that 
mass movements of the charge may cause the inflamed por- 
tions to drift away from the spark gap. 

In connection with the explanation just advanced for the 
drift in the position of the inflamed charge under part-throttle 
conditions, it should be pointed out that such a phenomenon 
has not been observed as yet in the early phases of full-throttle 
explosions even when the initial rates of inflammation are very 
slow. In Fig. 6, for example, the initial flame velocities in 
19:1 air-fuel mixtures are almost as low as in the explosions 
on Figs. 7 and 8. On this account, it might be expected that 
movements of the charge in these full-throttle explosions 
should displace the inflamed gases away from the spark gap 
in the interval between ignition and the first appearance of 
the flames. The absence of such effects on Fig. 6 may be 
interpreted to indicate 1. that mass motions of the charge are 
not responsible for the drifting of the inflamed gases away 
from the spark gap under part-throttle conditions, or 2. that 
the mass motions of the charge under full-throttle conditions 
are less violent than under part-throttle conditions. 

See SAE Transactions, Vol. 31, August, 1936, p. 299: 


Shows Knocking and Non-Knocking Explosions,”’ 
Gerald M. Rassweiler. 
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Although the drifting of the inflamed charge away from 
the spark gap during the early phases of part-throttle explo- 
sions does not appear to be due to heterogeneous air-fuel mix- 
tures, there is nevertheless considerable evidence on the flame 
pictures indicating that the mixtures are not uniform during 
the combustion period. This evidence consists chiefly of the 
ragged irregular appearance of the flame fronts in the explo- 
sions recorded in Figs. 7 and 8. Explosion 882, Frame 12, 
shows a tongue of flame moving out from the main body of 
the inflamed charge over the intake valve in the upper-left 
corner of the picture. During the next 5 or 6 deg this tentacle 
of flame completely surrounds a small body of charge which 
burns very slowly, if at all, and which has the appearance of 
a dark spot near the left edge of the flame in Frame 15. The 
complete disappearance of the spot in Frame 16 may have 
resulted from the inflammation of this section of charge or 
from the inflammation of sections of charge above or below 
it. Similar phenomena are shown on the following pictures: 
In Fig. 7, Explosion 884, Frames 13 to 17, inclusive, see the 
upper-left corner of the inflamed charge. In Fig. 8, Explosion 
890, Frames 10 to 14, there appears to be a “hole” in the in- 
flamed charge almost in the center of volume; the early 
frames of this explosion are so faint that the development of 
this hole cannot be followed. In Fig. 8, Explosion 889, Frames 
II to 14, see the upper-right corner of the flame envelope. In 
Fig. 8, Explosion 893, Frames 13 to 16, see the upper-left 
corner of the flame envelope. In each of these examples 
certain small sections of the charge apparently burn with 
greater difficulty than others. However, it is most important 
to note that these effects are limited to comparatively small 
volume elements. There is no evidence on the pictures that, 
in certain large sections of the combustion space, the concen- 
tration of residual gas is so high that the flame will not 
propagate. 

In connection with the holes in the inflamed charge ob- 
served under part-throttle conditions, it should be pointed out 
again that somewhat similar effects were observed with lean 
mixtures when operating at full throttle. If these peculiarities 
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Fig. 5—Flame pictures of explosions of 13:1 air-fuel mixtures ignited near the center of the combustion chamber 
at 20 deg before top dead-center 


in the flame propagation result from the presénce of small 
volumes of charge which burn only with difficulty, one might 
expect that, if the spark happened to occur in such a region, 
the charge might not ignite. In this connection it is interest- 
ing to note that, when the throttle opening was decreased only 
slightly past its location for Figs. 7 and 8, or when the mixture 
was leaned out beyond the value of 19:1 used for Fig. 6, the 
engine did indeed cease to fire regularly. 

Inasmuch as the part-throttle pictures were recorded while 
operating with an air-fuel ratio of 13:1 and with central 


ignition, they may be compared with the data in Fig. 4 to 
study the effect of throttle opening. The difference in the 
initial conditions at the time of ignition in Figs. 4 and 7 con- 
sists in a change in residual exhaust gas from 17 to 28% by 
weight, a change in pressure from 84 to 49 lb per sq in. abso- 
lute, and a change in temperature which was not measured. 
Some of the results of these changes in the initial conditions 
of the charge at the time of ignition are shown in Tables 4 
and 5 

A comparison of Group 4 in Table 4 with 


Group 7 in 
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Table 5 shows that the throttling of the engine increased the 
time required for flame propagation, retarded the time of 
development of maximum pressure, and increased the fraction 
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Table 5—Some Average Pressure and Combustion Data 
From Figs. 7 and 8 (Part Throttle) 


Crank-Angle 


Maximum Pressure Mass Inflamed 
Interval Required Magnitude, Angle at Time of 
for Flame lb per sqin. past TDC, Maximum 
Group Propagation, deg absolute deg Pressure, % 
7.{(iso-octane) 59 161 18 86 
8.{(gasoline) 60 152 17 85 


ete 


























Fig. 6— Flame pictures of explosions of 19:1 air-fuel mixtures 
ignited near the center of the combustion chamber at 25 deg 
before top dead-center 


of the charge burning after the development of maximum 
pressure. 


Analysis of Data 

The flame pictures and corresponding pressure data which 
just have been examined in a preliminary fashion will now be 
subjected to a more detailed analysis. The first aspect of this 
analysis consists fundamentally in the study of the relation- 
ships between three observed quantities, namely, the pressure, 
the total combustion-chamber volume, and the fraction of this 
volume which is occupied by inflamed charge. (The latter is 
called the “inflamed volume” in the subsequent discussion.) 
Some relationships between these three quantities as well as 
between the per cent pressure rise due to combustion and the 
per cent mass burned were developed previously”. 

In the present paper, the validity of these relationships over 
a range of engine conditions will be examined by making the 
following two comparisons: 

1. The values of the inflamed volumes have been calculated 
from the observed pressures and total combustion-chamber 
volumes at crank angles corresponding to each frame of the 
flame pictures of the respective explosions. These calculated 
inflamed volumes will be compared with corresponding values 
of this same quantity as observed directly on the flame 
pictures. 

2. The values of the per cent mass burned that are given 
beneath each of the flame pictures were deduced from the 
inflamed volumes and the pressure cards. These mass-burned 
values will be compared with values of per cent pressure rise 
due to combustion. The latter quantities were obtained from 
the pressure cards and total combustion-chamber volumes 
without referring to flame picture data. 

Experimental Determination of Inflamed Volumes from the 
Flame Pictures — The determination of inflamed volume from 
the flame pictures is very simple and very direct. Briefly, the 
method consists in preparing a series of plaster casts of the 
combustion space, each cast representing the clearance volume 
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Fig. 7 — Flame pictures of part-throttle explosions 
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plus the displaced volume at the end of the exposure of some 
flame picture. The flame picture to be measured is projected 
in natural size upon the upper face of the appropriate cast; 
the position of the flame front is marked; the cast is cut along 
this line; and the two portions are weighed. The percentage 
by weight of the part of the cast that is covered by the image 
of the inflamed body of gas then represents the inflamed 
volume. These values are shown beneath the flame pictures 
in Figs. 1 to 8, inclusive. 

The advantages and disadvantages of this method of de- 
termining the inflamed volume from the flame pictures were 
discussed in the previous paper” but, on account of the nature 
of the combustion process that is recorded in many of the 
present pictures, some of its shortcomings may be even more 
serious than was indicated previously. This condition is par- 
ticularly true of the errors arising from possible flame-front 
curvature that is not observable on the flame pictures. These 
pictures consist essentially of projections of the inflamed por- 
tions of the charge; consequently, they show only the hori- 
zontal curvature of the flame fronts, and they do not show the 
vertical curvature such as would be shown by a side view. To 
date, the authors have made no observations through win- 
dows in the side of an engine similar to the one used in the 
present work while operating either with very lean mixtures 
or with the throttle partly closed. Furthermore, the apparent 
widths of the flame fronts cannot be studied on the present 
pictures because the radiation from the added sodium oblit- 
erates most of the detail in the pictures of the inflamed por- 
tions of the charge. The lack of information about this point 
is unfortunate because of the complex flame front structure 
that was observed in Figs. 3, 6, 7, and 8. 

Despite the imperfections in the determinations of inflamed 
volume from the flame pictures, the values obtained are prob- 
ably more accurate than any other experimental determina- 
tions of this quantity in an engine that have yet come to the 
attention of the writers. Consequently, it seems entirely justi- 
fiable to use these experimentally determined values of in- 
flamed volume as the standard with which to compare 
inflamed volumes calculated by various methods. The nature 
of the agreement between the calculated and observed values 
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of the inflamed volumes should then give an indication of the 
validity of the methods used in the calculations. 

Calculation of Inflamed Volumes from Pressure Data — As 
stated previously, the values of the inflamed volume that were 
obtained directly from the flame pictures are to be compared 
with values deduced from corresponding pressures and com- 
bustion-chamber volumes. In the previous paper? two meth- 
ods were developed for calculating the inflamed volumes from 
the pressure cards; the first was based on reduction of pressure 
values to a constant-volume basis; the second was a direct 
calculation by means of Formula 21 or 22 developed in the 
previous paper. Only the latter method will be considered 
here. 


Formulas 21 and 22 follow: 








Ves Pal” an 
Vv." V; Pols 
Va = Ves Pes!” in 
Vey Poy ‘a 
We (4 ae 
V: V; Pel “iy 


Where V;” = the volume of inflamed charge at any given time, t. 
7 


the total combustion-chamber volume at a given 
time, ¢. 

Vis = the total combustion-chamber volume at the end 

of combustion. 


Vii = the total combustion-chamber volume at ignition. 
P; = the pressure in the engine at the given time, ¢. 
P.z = the pressure in the engine at the end of combustion. 
Py = the pressure in the engine at ignition. 
n = the polytropic exponent. 
AandC = 


constants which are determined for each explosion 
from Equation 21. 


Table 6 illustrates the use of Equation 22 in the computa- 
tion of the inflamed volumes from total combustion-chamber 
volumes and corresponding pressures that were observed in 
Explosion 747. The pressure card of this explosion was repro- 
duced in a previous paper*. Columns 1 to 4, inclusive, of 
Table 6 contain the initial data consisting essentially of ob- 
served pressures and total combustion-chamber volumes. Col- 
umn 5 presents values of pressure raised to the 1/nth power 
as read from a 10-in. log-log slide rule, whereas Column 6 
presents values for P}/*V;. 

In computing the data listed in Column 7, a value is needed 
for A. From Equations 21 and 22, it is evident that A is 
equal to P,/"V,;. If m were chosen so that it fitted the com- 
pression card, then the values of P;/*V, would remain con- 
stant and equal to P,/"V. during the interval between the 
occurrence of the ignition spark and the instant that the 
pressure curve of the explosion departed from the compression 
curve. In the explosions under consideration, the pressure 
starts to rise above that due to compression at the time of 
exposure of Frame 6 or at 16 deg before top dead-center. On 
this account, the average of the first few values of V,P,/* 
in Column 6 may be used for the quantity 4. This method 
of choosing A averages out some of the random errors in the 
measurements of pressure at the time of ignition. 

Using a value for A of 266, the data listed in Column 7 
were computed. These values increase continually until a 
value of 0.62 is reached in Frame 21, and then remain con- 
stant in the next 6 frames before dropping off slightly. The 
significance of this fact is that, after the end of combustion, 
P,/*V, is equal to a constant, providing the value used for 
the polytropic exponent is appropriate for the expansion side 
of the firing card. Consequently, combustion is considered to 
be over at the point in the cycle where the values in Column 7 
reach a maximum which subsequently remains approximately 
constant. This value, 0.62 in the present instance, is equal to 
C, which is the other constant in Equation 22. 
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Fig. 8 — Flame pictures of part-throttle explosions 
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Table 6 — Calculation of Per Cent Volume Inflamed in ‘Explosion 747 of Fig. 1 


1 2 3 4 5 6 7 8 9 
Total A Volume Volume 
Combustion- Pressure P,, _ — 1] Inflamed Inflamed 
Chamber lb per sq in. P pln PPV, Column 7 Observed on 
Frame Crank Volume, absolute Where «1/C 100, Flame 
Number Angle, deg cu in. n = 1.35 P/V, (A = 266 q Pictures, % 
Ign. —25.0 10.15 82 26.2 266 C = 0.62 
3 ~23.2 9.91 85 26.8 266 
4 ~20.8 9.61 89 27.7 266 
5 -18.4 9.34 93 28.7 268 
6 ~16.0 9.11 97 29.5 269 
7 —13.6 8.90 107 31.8 283 0.06 10 6 
8 ~11.2 8.72 123 35.3 307 0.13 21 18 
9 — 8.8 8.58 155 41.9 360 0.26 42 32 
10 - 6.4 8.47 197 50.0 423 0.37 60 50 
11 — 4.0 8 .40 249 59.4 499 0.47 76 69 
12 — 1.6 8.38 288 66.3 556 0.52 84 79 
13 + 0.8 8 .38 309 69.8 585 0.55 89 84 
14 + 3.2 8.39 319 71.4 599 0.56 90 87 
15 + 5.6 8.44 334 73.9 624 0.57 92 91 
16 + 8.0 8.54 344 75.6 646 0.59 95 94 
17 +10.4 8.67 348 76.3 662 0.60 97 97 
18 +12.8 8.84 346 75.9 672 0.60 97 98 
19 +15.2 9.04 340 74.9 677 0.61 98 99 
20 +17.6 9.26 335 74.1 685 0.61 98 99.4 
21 +20.0 9.52 327 72.6 692 0.62 100 99.8 
22 +22.4 9.81 319 71.4 700 0.62 ae 100 
23 +24 .8 10.13 302 68.4 693 0.62 
24 +27 .2 10.47 291 66.8 699 0.62 
25 +29 .6 10.85 276 64.0 694 0.62 
4} +32.0 11.28 262 61.4 693 0.62 
27 +34.4 11.71 247 59.0 691 0.62 
28 +36.8 12.17 232 56.4 686 0.61 
29 +39 .2 12.64 220 54.4 687 0.61 
30 +41.6 13.14 210 52.4 689 0.61 


Column 8 lists values of the inflamed volume that were calculated values of inflamed volume 
computed by Equation 22 for crank angles corresponding to following. 
the end of exposure of each frame. It will be noted that the 
data in Column 8 are percentages of the total volume at the 
end of exposure of each respective flame picture. For pur- 
poses of comparison, the values of inflamed volume which 
were observed on the flame pictures are reproduced in Column 
g. The nature of the agreement between the observed and 


is discussed further 


By means of the procedure outlined in Table 6, the per cent 
volume inflamed has been calculated for explosions observed 
under the various engine conditions listed in Table 1. The 
pressures used in these calculations are tabulated under the 
appropriate frame of the flame pictures. The related sets of 
total combustion-chamber volumes are given in the following 
tables. For Explosions 732 to 747, inclusive, the combustion- 
chamber volumes are listed in Column 3 of Table 6; for 
Explosions 795 to 808, inclusive, the values are given in the 

appendix of the previous paper*; for Explosions 882 to 893, 
ho bt pe RO Be BE inclusive, values are listed in Table 7. The inflamed volumes 


that were calculated from these data will now be compared 





sev Tewscang 5 aby — aes Pee with inflamed volumes that were observed on the flame 
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Comparison of Inflamed Volumes as Observed on the Flame 
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7-C I Chamber Volume at End of 
"Exposure of E ach Frame i in Figs. 7 and 8 





























Combustion- Combustion- 
Crank Chamber Crank Chamber 
Frame Angle, Volume, Frame Angle, Volume, 
No. deg cu in. No. deg cu in. 
l —25.4 10.13 16 +-10.6 8.55 
2 — 23.0 9.80 17 +13.0 8.72 
3 — 20.6 9.47 18 +15.4 8.92 
4 —18.2 9.22 19 +17.8 9.16 
5 —15.8 8.98 20 +20.2 9.43 
6 —13.4 8.78 21 +-22.6 9.72 
7 —11.0 8.60 22 +25.0 10.05 
8 — 8.6 8.46 23 +27.4 10.40 
9 — 6.2 8.35 24 29.8 10.80 
10 — 3.8 8.30 25 +32.2 11.22 
11 — 1,4 8.30 26 +-34.6 11.66 
12 + 1.0 8.30 27 +-37.0 12.15 
13 + 3.4 8.30 28 +39.4 12.64 
14 +58 8.33 29 +41.8 13.15 
15 + 8.2 
of 13:1 gasoline-air mixtures 





8.43 30 +44.2 13.68 
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Fig. 9— Calculated and observed values of inflamed volume 
in explosions of 13:1 air-fuel mixtures ignited at the end of 
chamber 


Fig. 11 —Calculated and observed values of inflamed volume 
in explosions of 19:1! air-fuel mixtures ignited at the end of 
the combustion chamber 
Fig. 10— Calculated and observed values of inflamed volume Fig 
in explosions of 16:1! air-fuel mixtures ignited at the end of 
the combustion chamber 


. 12-Calculated and observed values of inflamed volume 
in explosions of 13:1 air-fuel mixtures ignited near the center 
of the combustion space at 25 deg before top dead-center 


Pictures with Inflamed Volumes Calculated from the Pressure explosions that were recorded under one of the sets of engine 
Cards — The calculated and observed values of inflamed vol- conditions listed in Table 1. The particular flame picture 
ume are plotted against crank angle in Figs. 9 to 16, inclusive. represented by each graph in the figures can be identified 
Each one of these figures contains the data from all of the _ readily by the serial number. 
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The data from the explosions which were fired by a spark 
near the end of the combustion space are presented in Figs. 9 
to 11, inclusive. These figures contain data from explosions 
that were produced while operating with three different air- 
fuel mixtures. Consequently, Figs. 9 to 11 show the effects of 
air-fuel ratio upon the nature of the agreement between the 
observed and calculated values of inflamed volume. 

Fig. 9 presents the data which were obtained from explo- 
sions of 13:1 air-fuel mixtures. In four of the six explosions 
in this figure the agreement between the calculated and ob- 
served values of the inflamed volume is quite excellent. On 
the other hand, the values determined from the pressure card 
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Fig. 15 


Fig. 13 - Calculated and observed values of inflamed volume 
in explosions of 13:1 air-fuel mixtures ignited near the center 
of the combustion space at 20 deg before top dead-center 


Fig. 15-— Calculated and observed values of inflamed volume 
in part-throttle explosions of 13:1 iso-octane air mixtures 


of Explosion 744 are as much as 12% higher than the values 
from the flame pictures, whereas the values from the pressure 
card of Explosion 747 are as much as 10% higher than the 
observed values. In connection with the discrepancies in these 
two explosions, the following observations may be made: 
1. The discrepancies are greatest during the period in which 
the flame propagation is fastest and the rate of pressure rise 
is a maximum. 2. The data may be brought into coincidence 
by shifting the calculated values about 2 deg to the right. 
Fig. 10 presents the data from explosions of 16:1 air-fuel 
mixtures. Here the calculated values of the inflamed volumes 
are consistently higher, by from 1 to 5%, than the values 
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Fig. 16 





Fig. 14—Calculated and observed values of inflamed volume 
in explosions of 19:1 air-fuel mixtures ignited near the center 
of the combustion chamber at 25 deg before top dead-center 


Fig. 16— Calculated and observed values of inflamed volume 
in part-throttle explosions of 13:1 gasoline-air mixtures 
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observed on the flame pictures. These differences, like those 
on Fig. 9, appear to be most pronounced during the period 
in which the flame velocity is a maximum. 

The data in Fig. rr refer to explosions produced while 
operating with 19:1 air-fuel mixtures. The values from the 
pressure cards are higher than the values from the flame pic- 
tures for the inflammation of the initial one-third of the 
volume. For the last two-thirds of the inflammation process, 
the agreement between the values determined from the flame 
pictures and from the pressure cards is quite excellent in three 
of these four explosions. 

On the basis of the data in Figs. 9 to 11, it appears there- 
fore that, when the engine is fired at the end of the combus- 
tion space, changes in air-fuel mixture exert no very marked 
effects on the nature of the agreement between the two 
methods of obtaining the inflamed volumes at various times 
during engine explosions. The effect of spark location on the 
agreement between the calculated and observed values of the 
inflamed volumes will be examined next. 

Figs. 12, 13, and 14 compare the inflamed volumes as cal- 
culated from pressure cards with those observed on flame 
pictures of explosions that were initiated by a spark near the 
center of the combustion space (see Groups 4, 5, and 6, 
respectively, of Table 1). With the possible exception of 
Explosion 812 in Fig. 13, the agreement between the values 
of the inflamed volume from flame pictures and pressure cards 
is somewhat better than that observed in Figs. 9 to 11. In 
Explosion 812, the data obtained from the pressure cards are 
again consistently higher than those observed on the flame 
pictures. But, in general, it is to be noted that the spread 
between the calculated and observed values of the inflamed 
volume is not changed markedly by moving the spark position 
from the end to the center of the combustion chamber. 

Before applying Equation 22 to the pressure cards of explo- 
sions that occurred when the engine output was halved by 
‘closing the throttle, the average polytropic exponent for the 
expansion side of the cards was determined. A value of 1.30 
was found. The latter replaced the exponent of 1.35 that was 
used for data in Figs. 9 to 14, inclusive. The quantity 4 was 
obtained in the same manner as in Table 6, namely, by aver- 
aging the first four values of P;/"V; But, even though a 
polytropic exponent determined from the expansion side of 
the pressure cards under consideration was used in Equation 
22, it was difficult to locate the end of combustion with an 
accuracy greater than +5 deg. The reason for this difficulty 
appears to lie in the comparatively slow release of the energy 
of combustion near the end of such explosions. Evidence for 
this condition is shown on the flame pictures in Figs. 7 and 8. 
There, it can be seen that the time required for the flame to 
propagate through the last 1% of the volume ranges from 5 
to 10 crankshaft deg. 

Figs. 15 and 16 compare the inflamed volumes observed on 
the flame pictures with values deduced from pressure cards by 
means of Equation 22. The results are in good agreement 
even though the decrease in throttle opening increased the 
residual gas concentration by more than 10%. The distribu- 
tion of the residual gas, which amounted to about 28% of the 
weight of the charge, apparently was of such uniformity dur- 
ing the explosion that the usefulness of Equation 22 in the 
analysis of the pressure cards was not destroyed. 

The comparisons in Figs. 9 to 16, inclusive, may be sum- 
marized as follows: 1. The values of inflamed volume which 
‘were obtained with Equation 22 show a maximum difference 
of 12% and an average difference of about 4% from corre- 


5 See Chemical Reviews, Vol. 21, 1937, pp. 438-460: “A Mollier Diagram 
for the Internal-Combustion Engine,’ by H. C. Hottel and J. E. Eberhardt. 

6 See Wiens Sitzungberichte, Vol. 126, 1917, pp. 9-44: ‘“‘Combustion of 
an Explosive Gas Mixture within a Closed Vessel,” by L. Flamm and 
H. Mache. 


sponding values observed on the flame pictures. 2. The 
differences between the inflamed volumes determined from 
the flame pictures and from the pressure cards are not affected 
appreciably: (a) by changing the air-fuel ratio from 13:1 to 
19:1; (b) by moving the spark position from the end to the 
center of the combustion chamber; or (c) by closing the 
throttle to the point where the engine output was halved. It 
follows, therefore, that, over the range of engine conditions 
covered by this study, Equation 22 is quite satisfactory for 
the direct determination from the pressure card of the prog- 
ress of combustion in terms of the fraction of the combustion 
space containing inflamed charge. 

Comparison of Per Cent Pressure Rise Due to Combustion 
with Per Cent Mass Burned as Deduced from the Flame Pic- 
tures — Up to this point in the analysis, the progress of com- 
bustion has been expressed in terms of the inflamed volume, 
that is, in terms of the fraction of the combustion space that 
is filled with inflamed charge at any instant during the com- 
bustion process. The fraction of the total weight of charge 
that is contained in this inflamed volume is a most important 
quantity for certain types of investigation, for example, in 
studying the effects of fuels, antiknock materials, and engine 
conditions on the rates of combustion. In a later part of this 
paper some of the effects of engine conditions on the mass- 
burned curves will be discussed. 

It was shown previously” that two different methods may 
be used to derive the mass-burned values from the flame pic- 
tures and related pressure data. Also, the mass-burned values 
may be derived directly from the pressure cards. If the latter 
method proves to be sufficiently accurate, it should be quite 
useful for studying the progress of combustion in other gaso- 
line engines where pressure cards can be obtained much more 
easily than flame pictures. For testing the accuracy of the 
combustion data deduced from the pressure cards the data in 
the present paper are well suited. The procedure followed in 
making this test consists in using the values of mass burned 
from the flame pictures as standards with which to compare 
the values calculated from the pressure cards. 

One method of calculating the fractional mass burned from 
the pressure cards is suggested by various theoretical treat- 
ments of the combustion process in gaseous mixtures under 
constant-volume conditions. For example, Hottel and Eber- 
hardt® have shown from thermodynamic considerations that, 
under constant-volume conditions, the pressure development 
is almost a linear function of the fraction of the weight of 
charge that is burned. A similar conclusion can be drawn 
from the treatment of the constant-volume combustion process 
by Flamm and Mache®. But in the engine the total combus 
tion-chamber volume changes appreciably during the com 
bustion period and these volume changes produce marked 
effects on the shapes of the indicator cards. Consequently, in 
order to set up such a simple relationship between mass 
burned and pressure as is suggested by these theoretical treat 
ments, it is first necessary to eliminate the effects of piston 
motion from the observed pressure card. 

A method of determining the pressure changes produced 
by combustion alone was described in a previous paper’. 
Starting with an observed pressure-time card, the pressure 
changes due to piston motion are sorted out from the pressure 
changes due to combustion. The various pressure increments 
due to combustion are then reduced to a constant-volume 
basis and summed. The resulting curve of pressure rise due 
to combustion against time may be considered to be a close 
approximation to the pressure curve that would have been 
developed if the engine explosion had occurred under con- 
stant-volume conditions, and if the mass rate of combustion 
had been the same as in the actual engine explosion. It might 
be expected, then, from the theoretical treatments just men- 
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tioned, that the per cent pressure rise due to combustion at 
any time during an engine explosion should be approximately 
equal to the per cent mass burned at that same instant. It 
already has been shown? that such a relationship actually does 
exist in the experimental data obtained under one set of 
engine conditions. The next section of this paper will exam- 
ine the effects of certain engine conditions on the validity of 
the relationship. 

Fig. 17 compares graphically the values of per cent mass 
burned from the flame pictures with values of per cent pres- 
sure rise due to combustion from pressure cards. Each graph 
in the figure presents the data from one of the groups of 
explosions that is listed in Table 1. It is to be noted that the 
graphs were prepared by plotting values of per cent pressure 
rise due to combustion against corresponding values of per 
cent mass burned. Thus, each plotted point compares values 
of two quantities which were obtained at the same crank 
angle during the same explosion. If the two quantities repre- 
sented by one of these points were equal, the point would, of 
course, fall on the 45-deg line which has been drawn on each 
graph. 

The data in graph 1 of Fig. 17 were obtained with the 
engine operating under the conditions listed for Group 1 in 
Table 1. The air-fuel ratio was about 13 lb of air per lb of 
fuel, the spark was located near the end of the combustion 
chamber, and the throttle was fully open. It will be noted 
that the values of per cent pressure rise due to combustion 
are in general somewhat higher than the corresponding values 
of per cent mass burned. In other words, the mean locus of 
the points in Group 1 is somewhat above the 45-deg line. 
This mean deviation from the 45-deg line is due largely to 
the results obtained from two of the explosions represented 
there. In Explosion 744, the maximum difference between the 
values of mass burned and pressure rise due to combustion is 
11% whereas, in Explosion 801, the maximum difference is 
12%. These differences appear to be quite serious when the 
data are plotted against each other as in Fig. 17 but, if these 
same data are plotted on a crank-angle basis, it is found that 
the shapes of the curves representing pressure rise due to 
combustion and per cent mass burned in any one explosion 
are quite similar and are displaced from each other by a 
maximum of only 2 crankshaft deg 
paper=). 

Intercomparison of the data in Graphs 1, 2, and 3 of Fig. 17 
shows the effects of changes in air-fuel ratio on the differences 
between corresponding values of per cent pressure rise due to 
combustion and per cent mass burned. As shown in Table 1, 
the data in these three graphs were taken from explosions 
that occurred while operating the engine with air-fuel ratios 
ranging from 13:1 to 19:1 and firing the charge near the end 
of the combustion chamber. The deviations of the points 
from the 45-deg lines in the first three graphs of Fig. 17 are 
not affected appreciably by changing the air-fuel ratio from 
13:1 to 19:1. 

An examination of the other groups of data in Fig. 17 leads 
to the following important general observation: At any time 
during combustion, the weight of inflamed charge, expressed 
in per cent of the total weight of charge in the engine, is 
approximately equal to the per cent pressure rise due to com- 
bustion as derived for constant-volume conditions from the 
pressure card. Furthermore, there appears to be no substantial 
or consistent effect on this relationship when the air-fuel ratio, 
spark position, or throttle opening are varied throughout the 
range covered by the data. On the basis of these observations, 
it follows that, under the engine conditions covered in this 
investigation, the fraction of the mass of charge that has 
burned at any time during an engine explosion can be deter- 
mined from the pressure cards with an accuracy which 


(see Fig. 18 of previous 
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PER CENT MASS BURNED 


Fig. 17 — Per cent mass burned from flame pictures compared 
with per cent pressure rise due to combustion from pressure 
cards 


comparable to the accuracy of the present pressure measure 
ments. 


Effect of Engine Conditions on Combustion 


Up to this point the analysis of the data has dealt with the 
effects of mixture ratio, throttle opening, and spark position 
on the relationships between the combustion process and the 
pressure development. The effects of these variables on the 
combustion process itself are also of interest. It has been 
known for a long time that the pressure development in an 
engine varies markedly with changes in these engine vari- 
ables; furthermore, it has been believed generally that such 
variations in pressure development result from differences in 
the combustion process. But the present apparatus and tech- 
nique allow a more detailed analysis of the effects of engine 
conditions on the combustion process than has been available 
previously. For this reason, a series of curves are pre- 
sented to show some of the effects of mixture ratio, spark 
position, and throttle opening on the following: 

1. The mass burned as a function of time (or crank angle). 
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CRANK ANGLE 


Fig. 18 — Effect of engine conditions on per cent mass burned 


2. The pressure rise due to combustion as a function of 
time (or crank angle). 

Per Cent Mass Burned as a Function of Time — The curves 
in Fig. 18 show quantitatively some of the effects of the three 
engine variables on the per cent mass burned as plotted 
against crank angle. Since the per cent mass burned at any 
given crank angle is approximately equal to the per cent 
pressure rise due to combustion (see Fig. 17), it follows that 
the curves in Fig. 18 also represent with a fair degree of 
accuracy the per cent pressure rise due to combustion as a 
function of crank angle. It is obvious, of course, that the 
slope of any one of the curves at a given point is equal to the 
rate of combustion expressed in terms of the per cent mass 
burned per degree. The points plotted in each of the graphs 
represent average values that were obtained from flame pic- 
tures recorded under a given set of engine conditions. In the 
three graphs of Fig. 18, the average values from the explo- 
sions in Group 4 of Table 1 (see the upper curve in each 
group) are compared with data from three other groups of 
explosions. 

7 When the pressure rise due to combustion is expressed in lb per sq in., 
it may be considered as the approximate pressure rise above the pressure 
at ignition that would have developed if the motion of the piston had 
stopped at the time of ignition (when the combusion-chamber volume was 


10.1 cu in. in the present experiments) and if combustion had taken place 
at exactly the same rate as in the actual explosion. 


The data on the upper two curves in Fig. 18 were taken 
from full-throttle explosions of 13:1 air-fuel mixtures. One 
of these curves represents explosions produced with center 
ignition, and the other with end ignition. Prior to 14 deg 
before top dead-center, the change in spark position exerts no 
appreciable effect on the progress of combustion. At this 
angle, only about 3% of the weight of the charge is inflamed 
even though the interval between ignition (at 25 deg before 
top dead-center) and 14 deg before top dead-center is equiva- 
lent to about 25% of the total time required for flame 
propagation. 

The separation between the two curves first becomes appre- 
ciable at about 11 deg before top dead-center. At this time, 
approximately 8% of the mass charge is inflamed. According 
to the flame pictures of any one of these explosions, this quan- 
tity of charge occupies a fairly large flame envelope. In 
Explosion 795 on Fig. 4, for example, 8% of the mass was 
inflamed (see Frame 7) when about 19% of the volume of 
the combustion space was inflamed. These curves show, 
therefore, that the flame propagation through the first 15 to 
20% of the volume of combustion space is not affected appre- 
ciably by changing the spark position from the end to the 
center of the combustion chamber. (In connection with the 
latter position, it will be recalled that the spark gap was 
midway between the lower surface of the window and the 
floor of the combustion space.) 

An examination of the upper two curves in Fig. 18, in the 
interval between 12 deg before top dead-center and the end 
of combustion, shows that the position in the combustion 
chamber of the first 8% of the mass of charge to burn affects 
markedly the rate of burn of the remainder of the charge. A 
comparison of the steep parts of the two curves discloses at 
once that the maximum rate of combustion is higher with 
center than with end ignition. This greater rate of combustion 
apparently results from a greater flame-front area during this 
middle part of the burn when operating with center than 
when operating with end ignition. Combustion ends earlier 
with center than with end ignition as was pointed out in 
connection with the flame pictures. But here it is emphasized 
that the increase in the rate of combustion with center ignition 
occurs after the first 5 to 10% of the mass of charge is 
inflamed. 

The second pair of curves in Fig. 18 shows the effect of 
increasing the air-fuel ratio to 19:1. The curves show that this 
change in mixture ratio increases the time required to burn 
the first 10% of the mass of charge by about one and one-half 
times. In addition, the angle at which the rate of combustion 
reaches a maximum is retarded from about 7 deg before top 
dead-center with 13:1 mixtures to approximately 5 deg after 
top dead-center with 19:1 mixtures. The maximum rate of 
combustion was lowered about 25% by leaning out the air- 
fuel mixture. 

The last pair of curves in Fig. 18 illustrates the effect on 
the combustion process of closing the throttle sufficiently to 
reduce the engine output to about 46% of the full-throttle 
value. Here, again, the striking difference between the two 
curves is in the first part of the combustion. The time re- 
quired for burning the first 10% of the charge is increased 
about one and one-half times in going from full to part- 
throttle conditions. At part throttle the rate of combustion is 
slower throughout the whole combustion process than at full 
throttle. The maximum rate of combustion, expressed in 
terms of per cent mass burned per degree of crank angle, is 
only about one-half as great at part throttle as at full throttle. 

Pressure Rise Due to Combustion as a Function of Time — 
In a given engine, the pressure rise due to combustion’, ex- 
pressed in lb per sq in., is related closely to the number of 
pounds of fuel burned or to the heat liberated by the com- 
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Fig. 19—Pressures developed in various air-fuel 


mixtures 
ignited near the end of the combustion space 


bustion process. Thus it is quite instructive to examine the 
effects of engine variables on the pressure rise due to combus- 
tion expressed, not in per cent as in previous parts of this 
analysis, but in lb per sq in. Furthermore, a comparison of 
pressure rise due to combustion with actual pressures devel- 
oped in engine explosions shows the effects of piston motion 
on the pressure development. Such comparisons are made for 
various air-fuel ratios, spark-plug positions, and throttle open- 
ings in Figs. 19 to 23, inclusive. 

On each of these figures the observed engine pressure is 
plotted against crank angle in the upper graph, and the pres- 
sure rise due to combustion is plotted against crank angle in 
the lower graph. The graphs show only the combustion por- 
tion of the cycle extending from the time of ignition to the 
end of flame propagation. Instead of average curves like those 
in Fig. 18, envelope curves are presented in Figs. 19 to 23. 
To obtain one of these envelopes, the pressure curves from the 
individual explosions recorded under a given set of engine 
conditions are first plotted; then, an envelope is drawn to 
include all of these individual curves. Thus, these envelopes 
show the range of variation in the several explosions recorded 
in each group. Since the number of explosions represented by 
each envelope is not very large, it seems probable that en- 
velopes including a larger number of explosions might differ 
somewhat, both in shape and in average values of the pressure 
maxima, from those in Figs. 19 to 23. 
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Fig. 20 — Pressures developed in two different air-fuel mixtures 
ignited near the center of the combustion space 


Effect of Air-Fuel Ratio — Figs. 19 and 20 show the effects 
on the pressure rise due to combustion and on the observed 
engine pressure of changing the air-fuel ratio. The change 
from 13 to 19 lb of air per lb of fuel affects the curve envelopes 
in the lower portions of these two figures in the following 
manner: 

1. The average slopes of the curves decrease. 

2. The pressure rise due to combustion in the interval be- 
tween ignition and 8 deg before top dead-center decreases 
markedly. 

3. The pressure rise due to combustion reaches a maximum 
at a later angle. 

4. The maximum value of the pressure rise due to combus- 
tion decreases by 15 lb per sq in. when the charge is ignited 
near the end of the chamber and by 34 lb per sq in. when the 
charge is ignited near the center of the chamber. 

In connection with Item 4, it should be borne in mind that 
a change in mixture ratio from 13:1 to 19:1 decreases by about 
30% the amount of fuel that is taken into the engine in the 
average explosion. When the net heats of combustion are com- 
pared, that is, when allowance is made for the heat of combus- 
tion of the hydrogen and the carbon monoxide present in the 
exhaust, it is found that the net heat of combustion of the 
fuel consumed in the average explosion is decreased by about 
10%. This decrease is to be compared with an average drop 
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Fig. 21 — Effect of spark-plug position on pressures developed 
in 13:1 air-fuel mixtures 


of 6% in the pressure rise due to combustion in the explosions 
that were initiated near the end of the combustion chamber 
and with an average drop of 14% in the pressure rise due to 
combustion in explosions that were started near the center of 
the combustion chamber. 

, The upper curve envelopes in Figs. 19 and 20 show that 
changing the air-fuel ratio from 13:1 to 19:1 lowers both the 
observed rate of pressure rise and the observed value of the 
maximum pressure. The observed value of the maximum 
pressure is decreased by 83 lb per sq in. when the spark is at 
the end of the chamber and by 74 lb per sq in. when the spark 
is near the center of the chamber. It will be noted that the 
maximum pressures actually observed in the engine are low- 
ered much more than the maximum values of the pressure 
rise due to combustion. As already has been suggested, the 
differences in the former result partly from the effects of 
volume change due to piston motion. In other words, leaning 
out the mixture decreases the average rate of combustion and 
increases considerably the fraction of the energy that is lib- 
erated after the beginning of the expansion stroke. 

Effect of Spark-Plug Position—The effect of spark-plug 
location on the observed pressure cards and on the pressure 
rise due to combustion is shown in Figs. 21 and 22 which 
present, respectively, the data which were obtained with 13:1 
and rg:1 air-fuel mixtures. In each of these figures the upper 
curves show the effect of spark-plug location on the pressures 
observed in the engine, and the lower curves show the effect 
on the pressure rise due to combustion at constant volume. 


Fig. 21 presents three sets of envelopes. 
hatched envelopes 


The two cross- 
represent the pressures observed while 
operating with a spark advance of 25 deg and with two dif 
ferent spark positions as indicated in the figure. The data 
obtained with 25 deg spark advance will be considered first. 

The two cross-hatched envelopes in the lower half of Fig. 
21 indicate that moving the spark from the end to the center 
of the combustion space produces four different effects on the 
pressure rise due to combustion: 

1. The slope of the curve envelopes is increased. 

The pressure rise due to combustion is not affected ap 
preciably in the interval between ignition and 10 deg after 
ignition. 

3. Maximum pressure rise due to combustion is reached 
about 5 deg earlier. 

4. Maximum pressure rise due to combustion is very nearly 
the same for the two spark positions. ( | 
per sq in. or about 4‘ 


The difference of 10 lb 
is hardly significant in view of the 
small number of explosions represented in this average. 

A comparison of the two cross-hatched curves in the upper 
half of Fig. 21 indicates that changing the point of ignition 
from the end to the center of the combustion chamber in 
creases both the observed rate of pressure rise and the average 
value of the maximum pressure. With center ignition, the 
maximum pressure developed 5 deg earlier and amounted to 
34 lb per sq in. more than with end ignition. The increase 
of 34 lb per sq in. in the observed pressure is to be compared 
with an increase of ro lb per sq in. in the pressure rise due to 
combustion. As pointed out previously, the difference between 
these two values is due largely to the effects of piston motion. 

The solid envelope in the upper half of Fig. 21 represents 
the pressure developed while operating with a spark advance 
of 20 deg and with ignition near the center of the chamber. 
Examination of the figure shows that the solid envelope co 
incides approximately with the cross-hatched envelope repre- 
senting explosions initiated near the end of the combustion 
space in the following respects: 

The magnitude of the maximum pressure. 

2. The time of development of maximum pressure. 

3. The time at which combustion ends. 

In other words, moving the spark from the center to the 
end of the combustion chamber has an effect which is anal- 
ogous to retarding the spark by 5 deg in so far as the previ- 
ously mentioned characteristics of the engine explosions are 
concerned. But, it is important to note that this change in 
spark position is not equivalent to retarding the spark in so 
far as the observed rates of pressure rise are concerned. 

Finally, attention is called to the fact that the 5-deg change 
in the spark advance had no appreciable effect upon the aver- 
age value of the pressure rise due to combustion as is shown 
by the shaded curve in the lower half of Fig. 21. In connec- 
tion with this latter curve, it should be mentioned that the 
pressure rise due to combustion for the explosions with 20-deg 
spark advance has been calculated for a constant combustion- 
chamber volume of 10.1 cu in., that is, for the volume of the 
combustion chamber at 25 deg before top dead-center. 

As shown by the envelope curves in Fig. 22, moving the 
spark position from the end to the center of the combustion 
chamber affects the pressures developed in explosions of 19:1 
mixtures in a manner similar to that observed in the 13:1 
mixtures just discussed. The changes in pressure develop- 
ment again result from an increase in the rate of combustion 
as the spark is moved towards the center of the combustion 
chamber. A comparison of the pressure maxima in Fig. 22 
indicates that, when the spark is moved to the center of the 
combustion chamber, the average value of the observed maxi- 
mum pressure increases by 43 lb per sq in., whereas the 
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Fig. 22 — Effect of spark-plug position on pressures developed 
in 19:1 air-fuel mixtures 


maximum value of the pressure rise due to combustion de- 
creases by 9 lb per sq in. The decrease of 4% in the pressure 
rise due to combustion is probably too small to be significant. 

Effect of Throttle Opening — Fig. 23 shows the changes 
produced in the engine pressures when the throttle was closed 
sufficiently to reduce the mean effective pressure from 100 to 
46 lb per sq in. For both of these sets of envelopes, the fuel 
was iso-octane, the spark position was near the center of the 
combustion space, and the spark advance was 25 deg. Flame 
pictures represented by the full-throttle and part-throttle pres- 
sure envelopes are shown in Figs. 4 and 7, respectively. 

According to the curves in the upper half of Fig. 23, the 
reduction of the throttle opening changed the observed pres- 
sures in the following manner: 

1. The average maximum pressure was reduced by 225 lb 
per sq in. 

2. Maximum pressure was developed, on the average, 10 
deg later in the cycle. 

3. The rate of pressure development was reduced greatly, 
particularly in the interval between the occurrence of the 
ignition spark and 10 deg before top dead-center. 

According to the data in Table 8, the reduction of 54% in 
the indicated mean effective pressure that was obtained by 
throttling the engine was accompanied by: 1. a 55% decrease 
in the net heat of combustion of the fuel consumed in the 
average explosion; and 2. a 53% decrease in the pressure rise 
due to combustion. The significance of the first observation 
is simply that the indicated mean effective pressure is related 
closely to the net heat of combustion of the fuel consumed in 
the average explosion. The second observation, on the other 
hand, demonstrates the close relationship which exists be- 
tween the pressure rise due to combustion and the net heat 
of combustion of the fuel consumed 
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Table 8— A Comparison of the Effects of Throttling the 
engine on the Mean Effective Pressure, the Pressure 
Rise Due to Combustion, and the Net Heat of Com- 
bustion of the Fuel Consumed in the Average Explosion 


Full Part Per cent 
throttle throttle decrease 
Indicated mean effective pressure 100 lb 46 lb 54% 
Spark advance = 25 deg per sq in. per sq in. 
Net heat of combustion of the fuel 
consumed per average explosion 1.23 Btu 0.55 Btu 55% 
Maximum pressure rise due to combustion 
at a constant combustion-chamber 
volume of 10.1 cu in. 251 Ib 118 lb 53% 


persqin. per sq in. 


General Discussion 

As stated at the outset, a critical test of the effects of 
changes in engine conditions on the validity of the relation- 
ships derived previously? between combustion and pressure 
constitutes one of the main reasons for the present work. The 
tests reported herein compare the effects of changes in mix- 
ture ratio, spark location, and throttle opening on the validity 
of some of these relationships. The results indicate that the 
accuracy of the methods proposed for computing the frac- 
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Fig. 23 - Comparison of pressures developed with two different 
throttle openings 
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tional volume of, and the fractional mass of charge inflamed 
at any time during an engine explosion is not affected appre- 
ciably by changing these engine conditions over a consider- 
able range. 

As has been suggested in the paper, a marked stratification 
of the fuel, air, and residual gas in the combustion chamber 
at the time of ignition should invalidate the methods proposed 
for calculating from the pressure data the fractional volume 
of, and the fractional mass of charge that is inflamed. Def- 
inite evidence that some stratification actually occurs in the 
charge is shown by flame pictures that were recorded under 
some of the engine conditions. But, even so, the relationships 
between combustion and pressure fit the experimental data 
surprisingly well. On this account, it now appears that, under 
the experimental conditions maintained for the present work, 
the degree of stratification is not very marked and that the 
stratification which does exist is distributed rather widely 
throughout the combustion space. 

The explosions described herein probably occurred under 
_ conditions more conducive to stratification than those occur- 
ring in the conventional automobile engine. The reason for 
this condition is that the intake manifold for the present 
experiments was only about 6 iu. Jong and no heat was added 


to the ingoing mixture. On this account, it is likely that the 
methods of calculating fractional volume of, and fractional 
mass of charge that is inflamed will hold for explosions pro- 
duced in automobile engines when the air-fuel ratio, the 
throttle setting, and the spark position are varied over a range 
comparable to that covered in the present paper. 

The experimental data are incomplete in the sense that a 
wider range of engine conditions should be studied. There 
are, of course, almost an infinite variety of possibilities for 
such an extension of the work, but it appears particularly 
desirable to extend the application of the present methods to 
the study of the effects of changes in the engine speed, the 
combustion-chamber shape, and the fuel. Preliminary studies 
of such factors as the mass rate of combustion and the rate of 
heat liberation when operating the engine on two different 
types of fuels already have proved to be quite instructive, and 
it is hoped that this material may form the basis of a future 
paper. 
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New Life in Fleet Tires 


HE business of renewing treads on worn tire casings has 
expanded very rapidly in the last few years and has now 
become a very important part of the tire business. The way 
in which it started and its manner of growth have caused 
considerable confusion of thought in regard to the merit of 
' the practice and as to the best methods of doing the work. 
Because of this confusion many tires have been retreaded and 
put back into service when they should have been scrapped, 
and just as many other tires have been scrapped which could 
have given many thousands of miles of additional service if 
properly handled throughout their life and had treads re- 
newed. 

The tire body today has a considerable margin of safety in 
ordinary service. It is this reserve strength or unused service 
of a tire which has resulted in an increasing demand for 
reliable means of renewing treads. This outstanding im- 
provement in tire quality through recent years has laid the 
foundation for this new and important industry. 

Although retreading has been carried on to some extent 
for a great many years, it was not until about ten years ago 
that a satisfactory mold, the full-circle mold, appeared on 
the market. 

Since early efforts at retreading were carried out in third- 
circle molds it was necessary to do the job in a piece-meal 
fashion — not always with good results. The full-circle molds, 
however, permitted vulcanization of the entire new tread at 
one time, provided means of obtaining adequate pressure, 
and made possible the handling of larger size tires. 

Unfortunately, from the user’s standpoint, the results ob- 
tained with retreaded tires in the past have not been uni- 
formly satisfactory. The reason for this condition is found 
partly in the way in which the industry grew, without re- 
sponsible control. There have been various types of operators 
in the business, some of whom were not always concerned 
with the quality of the product, and others who, through lack 
of training or want of the proper equipment and high-quality 
materials, could not hope to obtain the best results. Retread- 
ing is an occupation in which the resulting product will 
pretty well match the ethical standards of the shop doing 


the job. While there are some concerns still retreading tires 
which are unfit for service, these hazards are rapidly being 
left behind as more and more of the business is finding its 
way into the hands of reliable, well trained operators pos- 
sessing adquate equipment, and using high-quality materials. 

Retreading, in its full meaning, is a term which includes 
three distinct types of tread renewal: 1. the full or standard 
retread; 2. the semi-retread, or full recap; and 3. the recap, 
top-cap, or tread-cap. 

In full retreading the old tread and cushion rubber and 
fabric breaker are removed from the tire to a point well below 
the shoulder, and replaced with all new material. This was 
the first method used. 

The semi-retread, or full recap, was a later development. It 
appeared to be a waste of time and material to remove the 
remaining unused rubber from the tire and then replace it if 
the tire was sound. 

In producing the semi-retread, or full recap, the tread sur- 
face is roughened by rasping and any remaining tread design 
removed from the top down to the shoulder. A slightly 
thinner layer of new rubber than is required for the full 
retread is then applied. This method gives the same finished 
appearance as a full retread as it is vulcanized in the same 
molds. 

The next and most recent development was the recap, or 
what is referred to also as the “top-cap” or “tread-cap.” In 
this process the worn tread is buffed or roughened only across 
the top and a layer of new tread rubber applied to the wear- 
ing surface only. This method is cheaper and, in the long 
run, is proving to be the most economical and satisfactory. It 
requires less material and labor than either of the other two 
methods and does not disturb the original breaker and cushion 
unions. It does, however, require different equipment for 
manufacture. 

Excerpts from the paper of the same title by L. W. Fox, 
The Firestone Tire & Rubber Co., and A. L. MacCracken, 
The Goodyear Tire & Rubber Co., Inc., presented at the 
National Transportation and Maintenance Meeting of the 
Society, St. Louts, Mo., Oct. 26, 1939. 


Characteristics of Diesel Fuels 


Influencing Power and Economy 


By A. J. Blackwood and G. H. Cloud 


Standard Oil Development Co. 


cy the many characteristics of diesel fuels, 
heating value, ignition quality, and possibly 
fuel viscosity are the only important ones affecting 
engine power and economy, the authors disclose. 
In their paper they present data obtained from an 
extended fuel research program concerning the 
power and fuel economy obtained when using 
fuels differing in their physical and chemical char- 
acteristics. 


The points which seem to the authors to be of 
greatest practical significance are summarized as 
follows: 


1. Assuming complete combustion, fuel volatil- 
ity affects the pints per brake horsepower-hour 
only indirectly as it is related to heating value and 
ignition quality. 


2. Most present-day engines have fixed injection 
timing and, on such engines, ignition quality is a 
major factor in determining volumetric fuel econ- 
omy in the upper speed ranges. At the lower en- 
gine speeds, heating value in terms of Btu per gal. 
or as estimated from API gravity, is the most im- 
portant consideration. 


3. Fuel viscosity by itself is not an important 
factor in the power obtained on a high-speed die- 
sel engine, except in instances where worn injec- 
tion equipment may make it undesirable to use a 
low-viscosity fuel. 


EVERAL years ago, a survey of the trends in diesel-engine 
design in Europe and in the States was undertaken in 
order to lay a sound foundation for a development pro- 

gram on diesel fuels for automotive service. At that time, two 
interesting facts were brought to light. First,,diesel engineers 
generally were of the opinion that increased fuel consumption 
would result from using high-cetane-number fuels, and con- 


{This paper was 
Congress of the 





presented at the World Automotive Engineering 
Society, San Francisco, Calif, June 8, 1939.) 
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sequently little interest was evident for the cause of better 
ignition-quality fuels. Second, it was already evident in the 
European diesel-engine market that prospective diesel-engine 
customers were seeking —not a diesel engine which would 
give better economies than the gasoline engine — but rather 
the specific diesel engine which would give the best economy 
of all the diesels available. 

There is little evidence in this Country that diesel engines 
are being bought on any competitive basis other than as a 
choice between a diesel and a gasoline engine, but this situa- 
tion probably will change. Recently in this Country it has 
been necessary for some fuel suppliers to provide bus fleet 
operators with a fuel which is substantially kerosene in order 
to give smoke-free operation to satisfy police and public health 
departments. Fuels of that type are expensive, and engines 
which require them cannot long survive in competition with 
engines less critical of fuel. Add to this the fact that kero- 
sene, by virtue of its low viscosity and low heating value, 
gives upwards of 10% less power and poorer fuel consump- 
tion, and the inadequacy of that method of solving the diesel- 
engine fuel problem is fully apparent. It is with the hope of 
clarifying some of these phases of the diesel fuel problem that 
this paper has been prepared. 


Engine Sensitivity a Problem 


There is no questioning the fact that the engine manufac- 
turer is faced with a serious fuel problem when attempting 
to reduce the sensitivity of high-speed engines so that cus- 
tomer acceptance may not be limited. There is as yet no 
standardization of high-speed diesel fuels such as obtains for 
gasoline. Diesel fuels vary widely in quality, depending on 
various factors such as crude source, method of processing 
and, to a certain extent, upon the fact that many diesel fuels 
also are used for domestic heating. Perhaps the most im- 
portant reason for the wide divergence of diesel fuel quality 
is the fact that neither the engine manufacturer nor the oil 
refiner has positive and definite knowledge of the exact quality 
required. There have been, for example, a number of cases 
where an engine manufacturer has developed his engine 
around existing locally available fuels. Later on, when the 
engines gre out in service, many difficulties are encountered by 
the customer when attempting to burn a variety of fuels 
differing in quality from that on which the engine was 
developed. 

Many of the design features which distinguish one engine 
from another are intended primarily to circumvent the dif- 
ficulties which are encountered when burning a wide variety 
of fuels. Perhaps some day we shall see engines differing in 
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Fig. | — Fuel economy on a volumetric basis for three different 
diesel fuels in a multicylinder engine operating at 34 load at 
speeds from 900 to 1800 rpm 


design for the purpose of obtaining better combustion with a 
standardized, relatively low-quality fuel. Naturally the oil re- 
finer is concerned with engine design trends since, if fuel 
sensitivity is reduced, then the widespread availability of 
suitable products becomes increasingly attractive from an 
economic viewpoint. So long as some engines require “tailor 
made” fuels, there is little likelihood that any standardization 
of diesel fuel quality can be reached. 

This paper is a presentation of some of the data which 
have been obtained on an extended fuels research program, 
and it is hoped that the material presented will provide some 
useful information on questions of importance to both the 
engine builder and the fuel supplier, and also to the fre- 
quently forgotten man, the customer. The data presented are 
very largely those concerning the power and fuel economy 
which are obtained when using fuels differing in their physi 
cal and chemical characteristics. No attempt is made to 
present data on other engine performance characteristics, such 
as smoke, cold starting, carbon formation, ring sticking, and 
the like. 

When attempting to uncover the basis for the belief by 
many diesel engineers that fuel economy on fuels of high igni 
tion quality is not as good as on fuels of low ignition quality, 
some very interesting results were obtained. Fig. 1 shows the 
fuel economy on a volumetric basis for three different fuels 
in an engine operating at speeds from goo to 1800 rpm. It 
will be noted that the fuel economy obtained on Fuel B is 
distinctly inferior to that obtained on Fuel C, which is the 
fuel of lower ignition quality as measured by Diesel Index. 
At that time, cetane numbers as a measure of ignition quality 
were not widely used. This comparison would tend to justi- 
fy the belief that poor economy obtains when fuels of high 
ignition quality are used. However, the behavior of Fuel A 
is distinctly interesting. It will be observed that, at low speed, 
Fuel A gives the best fuel economy of the three whereas, at 
high speed, the fuel economy is distinctly the poorest of the 
three. It was difficult from the inspection data of these fuels 
to ascribe this difference to any single property of the fuel. 
Results of this character eventually led to a detailed investiga- 
tion of the performance qualities of diesel fuels as dependent 
upon their physical and chemical characteristics, in the hope 
that definite information might be provided to explain these 
differences. 

Engineers who have been trained to evaluate engine ef- 
ficiency in terms of pounds of fuel per brake horsepower-hour 
may question our use of volumetric fuel consumption, and it 
may be well at this point to explain the reason for this choice. 
Diesel fuels are invariably sold on a gallonage basis, and there 


are an appreciably greater number ot heat units in a gallon of 
the low API gravity fuel than there are in a gallon of high 
API gravity fuel. For example, a gallon of a 30-gravity fuel 
may contain from 6 to 8% more Btu than a gallon of 50 
gravity fuel, and this is an important consideration from the 
users viewpoint. It is for this reason that volumetric fuel 
consumption is employed throughout this paper. The follow 
ing short table of data obtained on a multicylinder engine at 
*%, load illustrates the importance of this point: 


Lb of Fuel per Bhp-Hr Pt of Fuel per Bhp-Hi 


Fuel No. 1 


0.499 0.583 
Fuel No. 2 0.504 0.572 
Fuel No. 3 0.507 0.566 


The normal reaction would be to select Fuel No. 1 as the 
best of this group since, on a |b-of-fuel-per-bhp-hr basis, it 
shows the best fuel consumption. Actually, however, a cus- 
tomer purchasing Fuel No. 1 would be paying some 3% more 
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Fig. 2 — Fuel-economy results on two gas oils fractionated into 

four cuts of 100-F boiling range obtained on a multicylinder 

engine operating at 25 mph on level road compared with total 
fuel of same gas oils 


for the same power output than if he purchased Fuel No. 3. 
This condition is indicated by the results in terms of pt of 
fuel per bhp-hr. It should be made clear that Fuel No. 3 is 
of the low-gravity, low-cetane-number type, and it is possible, 
of course, that operation at high speed would be unsatisfac- 
tory on such a fuel, in which case the selection of Fuel No. 1 
might be justified. This aspect of the diesel-fuel economy 
problem will be covered in more detail in the discussion of 
the effect of ignition quality. 

In order to isolate and study the effect of a variety of physi- 
cal and chemical properties on engine performance, a group 
of gas oils, selected from widely different crudes, were each 
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fractionated into four cuts of approximately 100-F boiling 
range. This procedure provided a series of some 30 samples 
in addition to which several commercial fuels were included. 
It should be realized, of course, that special cuts of this type 
are impractical commercially and only of interest from a re- 
search viewpoint. At the same time, the results obtained have 
definite practical value as is evident from some preliminary 
results shown in Fig. 2. This figure shows the fuel economy 
results obtained on a multicylinder engine operating at 25 
mph, on level road. The results on two of the gas oils are 
shown, and it will be observed that the total fuel falls reason- 
ably close to a line drawn through the results obtained on the 
four narrow-boiling cuts from the same gas oils. In passing 
it will be observed that the best fuel consumption is obtained 
on the higher-boiling fraction having mid-boiling point around 
600-700 F. It might be stated at this point that, although com- 
plete inspections on all samples of fuels tested were obtained, 
it was felt that a detailed analysis of all of the data would be 
too voluminous to include in this paper. For this reason it 
has seemed desirable for the most part to present cross-plots 
of data on final results only. 

These various fuel cuts have been run at different times in 
both multicyclinder and single-cylinder engines, although the 
majority of the tests have been run on a 6-cyl, 3% x 4% in. 
antechamber engine operating up to about 2600 rpm. Having 
such a wide variety of fuels, it is possible in most cases to 
select certain groups of fuels having characteristics in common 
and, from a study of engine results obtained, isolate reason- 
ably well the effects of ignition quality, boiling range, gravity, 
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and the like. Tests were run covering a wide variety of test 
conditions, from idle to full load over the entire speed range. 
From practical considerations, and to simplify the selection of 
that part of the complete program which would be most suit- 
able for this paper, the multicylinder engine results which are 
presented are very largely those obtained when operating with 
a combination of loads and speed comparable to the conditions 
of driving a loaded vehicle on level road at the various in- 
dicated speeds. It is believed that data of this type will give 
the reader the practical application of the results obtained 
when translated to average service conditions. 


Effect of Fuel Volatility 


It is practically impossible to separate the effect of fuel vola- 
tility as distinct from the effect of ignition quality but, for 
purposes of simplification, it seemed best to discuss these two 
as separate characteristics. Since the fuel is injected into the 
combustion chamber of a diesel engine, it is unlikely that, 
within reasonable limits, fuel volatility can play the important 
part in engine behavior that it does in the gasoline engine 
where the fuel must be delivered to the combustion chamber 
through a manifold. Fig. 3 presents the fuel-consumption 
data obtained on a multicylinder engine operating at road 
load on a number of the special fuel cuts prepared for this 
investigation. The curves at the left side of the sheet show 
the effect of varying mid-boiling point for fuels of constant 
cetane number. It will be observed that, for constant cetane 
number, the volumetric fuel economy improved with increas- 
ing mid-boiling point which, as will be shown later, is no 
doubt due to the fact that, for either constant gravity or cetane 
number, an increase in mid-boiling point of a fuel is accom- 
panied by a corresponding increase in Btu per gal. It is gen- 
erally true, of course, that the customer will obtain better fuel 
consumption on a high-boiling fuel, provided the design and 
operation of the engine is such that it can burn such fuels 
efficiently. 

It should also be noted in this figure that the effect of cetane 
number is reversed at the higher speed as compared with the 
lower speed, and the significance of this finding will be dis- 
cussed in the following section. The curves on the right side 
of Fig. 3 indicate the effect of gravity on volumetric fuel con- 
sumption, and it will be observed here also that, for fuels of 
a given mid-boiling point, there is a reversal of the effect of 
gravity as these are changed from 800 on up to 2400 rpm. 
This reversal is due to changes in ignition quality rather than 
gravity, as will be explained later. 


Effect of Ignition Quality 


Regardless of all that has been written on the importance 
otf ignition quality, and recognizing the value of the contribu- 
tions of such noteworthy investigators as Boerlage and 
Broeze, Rothrock, Le Mesurier, and many others, there still 
remains considerable doubt as to the real significance of igni- 
tion quality when stripped of the effect of other fuel proper- 
ties. The engine performance on the special cuts prepared 
for the work under discussion provides an opportunity to 
study further some of the phases of engine operation de- 
pendent upon ignition quality. 

In this connection, a more detailed analysis from the stand- 
point of ignition quality of some of the data in Fig. 3 is of 
considerable interest. For example, consider the curves for 
1500 rpm in Fig. 3 (left). Two fuels of 600 mid-boiling 
point, one having 70 cetane number and the other 30 cetane 
number, have a ratio of volumetric fuel consumption of 0.550 
divided by 0.518, or 1.06. Reference to Fig. 4 will show that 
the heating values of these two fuels are 138,000 and 148,000 
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Fig. 4— Related properties of diesel fuels 


Btu per gal, or a corresponding ratio of 1.07. This result 
indicates that the changes in economy which, from the curve, 
are seemingly due to differences in cetane number, are actually 
the direct result of the change in heat content per gallon. 
Consider still another pair of fuels from Fig. 3 at 1500 rpm, 
both of 50 cetane number, one of 700 mid-boiling point and 
the other of 450 mid-boiling point. In this case, the ratio of 
indicated economy is 1.06, which is exactly the same as the 
corresponding inverse ratio of their heating values which, as 
read from Fig. 4, are 144,000 and 136,000 Btu per gal. 

However, changes in fuel economy are not invariably due to 
differences in heating value as is apparent from the fact that 
there is a reversal in the position of the constant cetane num- 
ber lines at the higher speed as shown in Fig. 3. This point is 
perhaps better illustrated in Fig. 5 which shows data obtained 
on three 400-F mid-boiling point fuels run at several different 
speeds at road load. In this figure, dotted lines have been 
drawn in to indicate the change in consumption with cetane 
number which would occur if heat content were the only 
consideration. In each case, the 47.6 gravity fuel has been 
taken as a basis. It will be noted from the curve for the 1500 
rpm data, that consumption is directly proportional to heating 
value. When speed is increased, and the importance of igni- 
tion lag becomes more significant, consumption deviates from 
the heat-content basis in favor of cetane number. When speed 
is reduced to 800 rpm, where ignition lag is of lesser impor- 
tance, the reverse is true. It would appear, therefore, that 
there is an optimum balance between heat content per gallon, 
cetane number, and rpm. In other words, at relatively low 
speeds where ignition quality is of secondary importance, the 
best fuel consumption is obtained on the fuel having the 
highest heating value; whereas, at elevated speeds where 
ignition quality is very important and where the quality of 
combustion might logically be expected to influence output 
more than at low speeds, the fuel of superior ignition quality 
gives fuel economies which readily may exceed those attained 
on fuels of higher heat content but lower ignition quality. It 
is possible that even greater advantage may be realized from 
high-ignition-quality fuels on engines which have provision 
for varying automatically the injection timing and the rate of 
fuel injection. 

Since on a given engine the amount of air per stroke is 
substantially constant, it can be anticipated from the previous 
discussion on fuel economy that horsepower will be affected 
by the ignition quality of the fuel in a way similar to the 
effect on fuel economy. This statement is verified by the test 
results, and the following table of data illustrates this point 
for two fuels having fairly wide differences in ignition quality: 


—Horsepower Output — 


Fuel Properties 800 rpm 2100 rpm 


Fuel 4d FuelB Fuel A Fuel B FuelA FuelB 
Gravity, deg API 33.3 39.6 27.3 25.3 64.0 66.8 
Cetane Number 43-7 66.5 
Lb per Gal 7.15 6.886 7.9%o more 4-4%o more 
Btu per Gal 140,500 137,000 power with power with 
Btu per Lb 19,640 19,900 +=Fuel 4 Fuel B 


It is evident from these data that, under the conditions of 
the full power test which was run, the low-ignition-quality 
fuel did not provide efficient combustion at high speed, and 
conversely, the high-ignition-quality fuel is not burned eff 
ciently at low speed. 


Effect of Fuel Viscosity 


This paper is not concerned with the effect of fuel viscosity 
on wear of pump and injector parts, but rather with any 
effects which fuel viscosity might have on the performance of 
the diesel engine with respect to power and economy. The 
petroleum field engineer frequently encounters cases where a 
low-viscosity fuel results in severe power losses where worn 
equipment is being used, and an account may be lost because 
a competitive fuel of higher viscosity gives better power. This 
situation obtains particularly in tractor operations, and where 
engines are equipped with throttle stops or governor stops to 
prevent overload. In such cases, in addition to the lower- 
viscosity fuel having lower heating value per gallon, the full 
fuel delivery does not reach the combustion chamber due to 
leakage, and the net power loss is due to the combined effects 
of the two. 


From a review of data in the literature, and from considera- 
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Fig. 5 — Effect of gravity and ignition quality on fuel consump- 
tion for fuels of similar viscosity and volatility 
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Fig. 6- Heat content (Btu per gal) versus volumetric econ- 
omy — Antechamber-type 6-cyl engine — Road load — 1500 rpm 


tions of fuel flow as a function of clearance and viscosity, it 
appears that an increase in fuel viscosity from, say, 33 sec 
Saybolt to 40 sec Saybolt at 100 F will reduce the leakage by 
some 50%. On the other hand, doubling the pump clearances 
increases the leakage four-fold. This result would indicate 
strongly that good mechanical condition of the pump and 
replacements of worn parts is the cure for power-loss troubles 
rather than to increase the viscosity of the fuel. 

It is rather difficult to demonstrate by results from engine 
tests what the effect of fuel viscosity is in installations where 
worn equipment is not a contributing influence. An attempt 
to do this job has been made from the data presented in 
Fig. 6. This figure is a plot of heating value versus specific 
fuel consumption for a variety of fuels differing in mid-boiling 
point and in fuel viscosity. The test conditions correspond 
to road-load operation at about 25 mph of a multicylinder 
engine of the antechamber type. It will be observed in this 
figure that, by and large, the volumetric fuel consumption of 
the engine is a function of the heating value of the fuel. The 
exception to this general statement is shown by the dotted 
section of the curve where there seems to be a trend toward 
definitely higher fuel consumption. The solid dots in this part 
of the plot are the low-viscosity fuel cuts. These low-viscosity 
fuels show somewhat higher consumption than would be 
expected from differences in heating values even when con- 
sidering that the deviations from the line in the upper portion 
of the plot are due to the limits of accuracy of determining 
heating values. 


Conclusions 


The present trend of fuel quality in the U.S.A. appears to 
be toward volatile, highly paraffinic fuels which necessarily 
have high API gravity. It is quite probable that this trend 
may change when the various engine manufacturers have 
overcome some of the design difficulties which have led to 
undue smoking, ring-sticking, engine fouling troubles, and 
the like, all of which probably have contributed to the rela- 
tively widespread demand for the lighter fuels. When these 
difficulties have been overcome and the prospective customer 
selects that diesel engine which is most economical to operate 
and which can use the lowest-priced fuels, then more attention 
will be given by the engine builders to fuel economy. In all 
likelihood this change will result in a demand for fuels of 
higher heating value per gallon, that is, lower gravity fuels. 
Just how far speed trends in engine design and the ability of 
engines to use low cetane number fuels will permit this trend 
to extend remains to be seen. 

In reviewing the different phases of engine operation which 
have been covered in this paper, it is apparent that, of the 


impossible requirements are not established as frequently 
happens. 

The points which seem to be of greatest practical signifi- 
cance may be summarized as follows: 

Assuming complete combustion, fuel volatility affects the 
pints per brake horsepower-hour only indirectly as it is re- 
lated to heating value and ignition quality. 

. Most present-day engines have fixed injection timing, 
‘nm on such engines ignition quality is a major factor in 
determining volumetric fuel economy in the upper speed 
ranges. At the lower engine speeds, heating value in terms 
of Btu per gal, or as estimated from API Gravity, is the most 
important consideration. 

Fuel viscosity by itself is not an important factor in the 
power obtained on a high-speed diesel engine, except in in- 
stances where worn injection equipment may make it unde 
sirable to use a low-viscosity fuel. 


Lubricating Hypoids 


YPOID gears, as designed offer an inherent problem of 

lubrication under high unit pressures and, in the gears 
as actually manufactured, this problem may be increased 
greatly due to imperfect surface finishes, slight misalignment 
or imaccuracies in tooth cutting and, finally, to distortions 
occurring under high loads. Even the best efforts at surface 
finish leave irregularities which actually cause unit contact 
pressures to be greater than would be calculated from overall 
contact areas. 

For the satisfactory lubrication of hypoid gears, lubricants 
must meet many exacting requirements, primary among these 
being the capacity for prevention of scoring and excessive 
wear on the contacting gear tooth surfaces over a wide range 
of operating conditions. In addition to this requirement, the 
lubricant must be sufficiently stable over long periods of time, 
so that loss of film strength, thickening, separation, or corro- 
sive or abrasive action, do not cause troubles in service. Three 
conclusions are offered: 

1. Present-day hypoid lubricants function by chemical re- 
action which produces a minute amount of solid lubricant at 
points of excessive pressure. 

A careful balancing of the chemical activities of the 
reagents employed is necessary to obtain a lubricant composi- 
tion which will be satisfactory over a wide range of operating 
conditions, and long periods of service. 

3. Modern hypoid lubricants of the “chemical” type are 
designed to meet the requirements as to film strength, stabil- 
ity, and wear demanded in field service. 

Excerpts from the paper: “Hypoid Lubricants,” by C. F. 
Prutton and A. O. Willey, consultants for The Lubri-Zol 
Corp., presented at the National Fuels and Lubricants Meet- 
ing of the Society, Tulsa, Okla., Nov. 2, 1939. 
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Fundamental Mechanical Aspects 
of Boundary Lubrication 


By H. Blok 


Delft Laboratory, Royal Dutch Shell 


TROM the physico-chemical side, boundary 

lubrication already has been investigated fairly 
thoroughly. However, it is a great handicap in 
the intelligent selection of lubricants and mate- 
rials that the physico-chemical results cannot be 
exploited to the full without knowing the funda- 
mental mechanical aspects; therefore, data on this 
missing link are discussed first. 


Starting from the thesis that pressure and tem- 
perature in the region of contact between the rub- 
bing surfaces are the basic mechanical factors, it 
is shown that four main types of boundary lubri- 
cation should be distinguished: 


1. Low-Pressure and Temperature Boundary 
Lubrication, briefly, Mild Boundary Lubrication. 
2. High-Temperature Boundary Lubrication. 

3. High-Pressure Boundary Lubrication. 


under the more and more exacting conditions in prac- 

tice (for example, increased engine performance, 
hypoid gears, and so on), the problem of boundary lubrica- 
tion attracts ever-increasing attention. “Boundary lubrication” 
will be understood, in the present paper, to designate any kind 
of lubrication in which direct contact exists between the rub- 
bing surfaces. 

From the physico-chemical side great advances have been 
made in the research on boundary lubrication, particularly 
since modern physical means, such as X-ray and electronic-ray 
investigating methods have been applied. However, a great 
obstacle to the intelligent selection of lubricants and materials 
is that the numerous physico-chemical results cannot be ex 
ploited to the full without a thorough knowledge of the 
‘fundamental mechanical aspects of boundary lubrication. 

Particularly, the duties imposed on lubricants and on rub 
bing materials respectively should be known. These duties 
depend largely on the mechanical conditions, such as local 
temperature and pressure in the region of contact between the 
rubbing surfaces. Therefore, the mechanical conditions should 
be determined; sufficient knowledge of this “missing link” has 
been obtained only recently. As the relative data are rather 


: MONGST the various lubrication problems encountered 
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4. High-Pressure and Temperature Boundary 
Lubrication, briefly, Extreme Boundary Lubrica- 
tion. 


Up to now Type 4 has been called “Extreme 
Pressure Lubrication” but, logically, the term now 
proposed should be adopted, as in this region of 
boundary lubrication it is more the extreme tem- 
peratures (for example, temperature flashes on 
gear teeth), than the extreme pressures that are 
decisive. Moreover, confusion with the High- 
Pressure Boundary Lubrication (Type 3) then 
can be avoided. 


Phenomena, characteristic for each of the four 
main types of boundary lubrication are discussed. 


Frictional (that is, tangential) vibrations of 
rubbing surfaces are referred to in the Appendix. 


scattered in the literature, a synopsis, supplemented with new 
conceptions, will be given first. 

The differentiation between hydrodynamic and boundary 
lubrication is now generally accepted. It has long been felt 
that boundary lubrication itself needs further classification. 
So far, however, attempts at basing such a classification on 
conceptions like “oiliness,”’ “film strength,” or “load-carrying 
capacity” have failed; this is no wonder, because these con- 
ceptions either are defined too vaguely, or they even are absurd. 
It will be shown that a rational classification of the various 
types of boundary lubrication can be drawn up on the basis 
of the mechanical conditions in the region of contact between 
the rubbing surfaces; it may be expected that the physico 
chemical results may be fitted in well. . 

Of course, the notions, suggested by the considerations in 
the present paper, can be applied only within the appropriate 
limits. With this understanding, they may serve as a useful 
guide to metallurgists, designers, and oil technologists; a 
coordination of their efforts certainly would result in great 
progress in the solution of problems of boundary lubrication. 


Mechanical Conditions 


In considering the nature of contact between rubbing sur 
faces, it is useful to make a sharp distinction between sur- 
face(s) of actual contact and the region of contact: 
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A “surface of actual contact” will be understood to be a 
coherent surface in which every point is actually contacting. 

The “region of contact” will be understood to be the 
smallest region within which, at the moment considered, all 
surfaces of actual contact lie. Consequently, in the particular 
case that there is only one surface of actual contact, this 
surface also constitutes the region of contact; however, in 
general, a region of contact may comprise dispersed surfaces 
of actual contact. 

Correspondingly, two types of contact will be distinguished, 
namely, “concentrated contact” and “dispersed contact.” 

When concentrated contact occurs, the region of contact is 
identical with the one and only surface of actual contact. 

So-called “point-contact” and “line-contact,” as formed be 
tween non-conforming surfaces (mating faces of gear teeth) 
are, under not-too-low loads, the typical forms of concentrated 
contact. The elliptical, circular, or band-shaped surfaces of 
actual contact, formed under the local compression of the 
rubbing surfaces, are identical with the one and only region 
of contact. 

The typical form of dispersed contact is constituted by the 
so-called surface contact; this contact occurs between either 
plane or curved conforming surfaces (piston ring on cylinder 
wall). The total area of the surfaces of actual contact is 
usually very small in comparison with the area of the region 
of contact. The dimensions of these surfaces of actual contact 
and their distribution are closely bound up with the roughness 
(micro-geometrical features) of the rubbing surfaces. 

The following aspects of the nature of contact will be con 
sidered separately for concentrated and for dispersed contact: 

1. The local contact pressures and their distribution in the 
region of contact which, besides being dependent on the load, 
are chiefly dependent on the geometrical features of the rub 
bing surfaces and on their elastic and plastic, that is, on their 
mechanical properties. 

2. The local temperatures and their distribution in the re 
gion of contact, which are dependent on the local pressures, 
on the dimensions of the surface(s) of actual contact, on the 
coefficient of kinetic friction, on the movements of the rubbing 
surfaces! relative to the surface(s) of actual contact, and on 
the thermal properties of the rubbing surfaces. 

The local temperature in the surface(s) of actual contact is 
composed of two parts. The first component, the so-called 
“bulk temperature,” is caused by heating of the rubbing 
bodies as a whole by the accumulation of frictional heat or 
by the supply of external heat (for example, in engines: com- 
bustion heat): this temperature can be measured readily and 
therefore is known. The second component, which is not so 
well known, as it is, inter alia, difficult to measure, the so 
called “temperature flash,” is caused exclusively by the fric 
tional heat developed in the surface of actual contact and 
occurs only very locally, being confined to the immediate 
vicinity of this surface; moreover, the rate of establishment of 
the temperature flash is very high’. 


Including vibrations of all kinds; for the particular case of frictional 
vibrations, see the Appendix. 
_* See Proceedings of the Second World Petroleum Congress, Paris, 1937 
Vol. Ul, pp. 471-486: “Les Températures de Surface dans des Condi 
tions de Graissage sous Extréme Pression” (Calculation of Surface Tem 


perature under Extreme-Pressure 
(Because of errors 
send a corrected 
Laboratory.) See 


Lubrication Conditions), by H. Blok 
in the official text of this paper, Mr. Blok offers tu 
reprint free of charge on application to the Delft 
. ilso General Discussion of Lubrication and Lubricants, 
Institution of Mechanical Engineers, 1937, Vol. 2, pp. 14-20: ‘“‘Measure 
ment of Temperature Flashes on Gear Teeth under Extreme-Pressure 
Conditions,” by H. Blok. 
Pp. 193-200, 220: “ ‘Seizure-Delay’ Method for 
Protection of EP Lubricants,” by H. Blok. 
The use of the terms: “point’- and “line’-contact will be continued, 
with the distinct understanding, however, that both refer to contact over a 
certain area 

“The Hertzian theory may not be applied to needle or knife-shaped 
rubbing surfaces; these surfaces, however, are encountered rarely in 
boundary-lubrication practice. : 


Determining the Seizure 


See also SAE Transactions, Vol. 34, May, 1939, 
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I — Concentrated Contact 


Concentrated contact already has been defined by the tea 
ture that the region of contact is identical with the one and 
only surface of actual contact. 

So-called “point” or “line” contact, which is a typical exam 
ple of concentrated contact, will be considered first for sta- 
tionary surfaces; thereupon the effects of the motion of the 
rubbing surfaces will be examined. 

A — Stationary Concentrated Contact — Point- or line-contact 
will occur if two stationary non-conforming surfaces are 
pressed together. 

Examples of point contact (Fig. 14) are afforded by: A ball 
on either of the races in a ball bearing; the mating tooth faces 
of skew gears. 

Examples of line contact (Fig. 1a) are presented by: a 
cylindrical or tapered roller on either of the races in a roller 
bearing; the mating tooth faces of a pair of spur gears. 

Owing to the load, the surfaces will be compressed locally 
so that a “point” of contact is, properly speaking, an elliptical 
or circular region of contact and a “line” of contact, a band 
shaped region of contact*. It will be shown later that, in the 
practice of boundary lubrication, this region of contact is, at 
the same time, the one and only surface of actual contact. 

The well-known Hertzian theory* furnishes more detailed 
facts regarding the basic data of the nature of contact (that is, 
the local pressures and their distribution, and the dimensions 
of the surface of contact), which are necessary in our further 
investigations. This convenient theory has been proved to be 
reliable, provided that the load is not so extremely low that 
the micro-geometrical features (foughness) of the rubbing 
surfaces come into play, and provided that the load is not so 
high that the local deformations are no longer wholly elastic. 
Fortunately, in the practice of boundary lubrication, the load 
will fall within these limits in all but exceptional cases. Quan- 
titative results of the Hertzian theory will not be given here, 
as these data may be found in textbooks on applied mechan- 
ics. Suffice it to mention that these results depend, besides on 
the load, on the macro-geometrical features (radii of curva- 
ture) and on the elastic properties of the rubbing surfaces. 

The following qualitative results may be emphasized: 

a. In the case of point contact, as well as of line contact, 
the distribution of contact pressure is continuous; therefore 
the region of contact is, at the same time, the one and only 
surface of actual contact. Furthermore, this distribution is 
such that, at the edges of the surface of contact, this pressure 
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Fig. | — Concentrated contact 
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V. = CROSSWISE SPEED 
V, = LENGTHWISE SPEED 


Fig. 2 — General case of tangential motion of a rubbing surface 
relative to a band-shaped surface of actual contact 


is zero and, in the center of this surface, it is at a maximum 
(see Figs. 1¢ and 16). 

b. In the case of point contact the lengths of the axes of the 
elliptical (or the diameter of the circular) surface of contact 
are proportional to the cubic root of the total load and, con- 
scquently, the mean contact-pressure depends likewise on the 
cubic root of this load. 

c. In the case of line-contact, the width of the surface of 
contact is proportional to the square root of the load per unit 
of length and, consequently, the mean contact-pressure de- 
pends likewise on the square root of this specific line load. 

d. Developing the Hertzian theory further, Foppl® has suc- 
ceeded in showing for line contact as well as for point-contact 
that the state of stress in the individual points in or near the 
surface of contact is nearly hydrostatic so that, according to 
the theory of rupture, it is relatively little dangerous. 

Experimentally, the foregoing features, a. to d., have been 
confirmed in various ways (for an ingenious photo-elastic 
analysis see Oppel®). 

The consequences of feature d. will now be gone into 
further, as they have an important bearing on some types of 
wear, especially in the case of rolling contact. 

Only the deviations from a pure hydrostatic state of stress 
will determine the danger of overstressing. It appears that the 
maximum deviations do not occur in the center of the surface 
of contact but below it, so that overstresses will occur first 
within the solid material, and only then will proceed towards 
the rubbing surface. This finding explains why obtuse cones 
or wedges may break loose under excessive loads (“pitting” 
under rolling contact), for instance, on the pitch circle of 
tooth faces of spur gears and helical gears. 

Moreover, the maximum deviations from hydrostatic stress 
are yet so low in comparison with the mean contact pressure 
that this pressure may become as much as four or five times 
as high as the nominal yield value of the weakest of the two 
rubbing materials — as determined from ordinary tensile tests — 
before plastic deformations will occur®; for hardened steels 
this critical contact-pressure may even exceed 50,000 kg/cm? 
(320 tons per sq in.), and thus surpass considerably the nom- 
inal ultimate strength. If the load is increased still further, 
the Hertzian theory no longer holds good, as the material 


5 See Forschung auf dem Gebiete des Ingenieurwesens, Vol. 7, 1936, 
No. 5, pp. 209-221: “Der Spannungszustand und die Anstrengung des 
Werkstoffes bei der Berthrung zweier Korper,’”’ by L. Fdéppl. 

_®See Forschung auf dem Gebiete des Ingenieurwesens, Vol. 7, 1936, 
No. 5, pp. 240-248: ‘‘Polarisationsoptische Untersuchung raiimlicher Span- 
nungs und Dehnungszustande,” by G. Oppel. 

* Tangential vibrations, that is, frictional vibrations, have not yet been 
investigated thoroughly. As they may help to clear up some complicated 
phenomena in various cases of boundary Tubrication’, a discussion of these 
vibrations should be included in this paper; however, in view of its 
special nature, this subject will be dealt with separately in an Appendix. 

8 See Proceedings of the Royal Society, 1939, Vol. 169, pp. 371-391: 
“The Nature of Sliding and the Analysis of Friction,” by F. P. Bowden 
and L. Leben. 


flows; the mean contact-pressure will increase further only 
slightly until it has reached the same order of magnitude as 
the hardness of the softest of the two contacting materials 
(hardness expressed in a specific pressure, as in the Brinell or 
Vickers scale). By taking further into account features b. 
and c., it may be seen easily why a great hardness is very 
advantageous from the standpoint of allowable load, namely, 
if the hardness is » times larger, the allowable load will be 
n® and n* times larger for point-contact and line-contact 
respectively. 

Finally, it should be emphasized that, even at loads which 
are very low in comparison with the “allowable load,” the 
mean contact-pressures remain relatively high. For line-con 
tact, for which the contact-pressure varies proportional to the 
square root of the load, the mean contact-pressure at a load 
100 times as small as the critical load will attain values as 
high as about 5000 kg/cm? (at least for hardened steels, the 
materials used by preference for point- and lime-contact). On 
hardened-steel gears mean contact-pressures of 10,000 to 30,000 
kg/cm* often may be found. 

B — The Effects of Motion — First it should be realized what 
kinds of motion relative to the surface of contact are possible. 

For non-conforming surfaces (with which we are con 
cerned here), all kinds of motion of the rubbing surfaces are 
possible, tangential (sliding, rolling, or a combination), as 
well as perpendicular motions (impacts); for the sake of con 
venience the motions will be considered relative to the surface 
of contact at a definite moment. 

The most general type of tangential motion of a rubbing 
surface relative to the surface of contact will show two com 
ponents at right angles, as shown schematically in Fig. 2 
(hypoid gears and worm gears). 

Especially in the case of line-contact, it 1s important to 
distinguish between crosswise tangential motion (at right 
angles to the “line” of contact) and lengthwise tangential 
motion (in the direction of the “line” of contact). For in- 
stance, crosswise motion promotes hydrodynamic lubrication, 
rendering boundary lubrication less severe; this statement does 
not apply to pure lengthwise motion as, in this case, there is 
no wedging effect between the rubbing surfaces. 

In the simple cases where there is only crosswise tangential 
motion, a further distinction between rolling and_ sliding 
motion is useful. If we consider, for instance, a pair of 
straight spur gears, and assume these gears to be momen- 
tarily in such a position that two mating teeth touch each 
other exactly at their pitch circles (then the “line” of contact 
of these teeth is situated exactly on the line, connecting the 
centers of the gears). In this position there is pure rolling of 
the two teeth on each other. Now, it is well known that, in 
the case of pure rolling, the coefficient of friction is much 
lower than when sliding occurs; various phenomena (for 
example, wear) are bound up closely with this difference, as 
will be shown later. 

In general, kinematics will provide all data necessary for 
studying tangential motion, speed, and acceleration. The 
application of dynamics is, however, necessary in all cases of 
tangential vibrations. It is self-evident that, in cases of pe? 
pendicular motions (impacts, such as the “hammer blows” in 
ship’s gear transmissions), the aid of dynamics must be 
called in. . 

The following effects of motion, with the exception of tan 
gential vibrations’, will now be considered: 

a. Oil wedge formation. 

b. Frictional stresses. 

c. Temperature flashes and thermal stresses. 

d. Effects of impact loading. 

e. Duty-recovery cycle. 
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a. Oil Wedge Formation — Even if there is a copious supply 
of lubricant, many of the conditions under line- or point- 
contact are far from favorable for the formation of an oil 
wedge capable of keeping the rubbing surfaces apart (hydro- 
dynamic lubrication). These unfavorable conditions are: first, 
the specific load is very high; and second, the shape of the oil 
wedge is often unfavorable. 

Line-contact is in a better position than point-contact in so 
far that less lubricant is pushed aside. However, if in the 
case of line-contact the lengthwise motion predominates 
(hypoid gears) over the crosswise motion, hydrodynamic 
lubrication is practically impossible. 

It is evident that, for non-conforming rubbing surfaces, the 
hydrodynamic effects, as far as they influence the phenomena 
at the surface of contact, in many cases may be neglected as 
far as the effects of boundary lubrication are concerned. 

b. Frictional Stresses— Owing to the contact-pressure and 


the surface of contact. Their immediate effects on the shape 
of the surface of contact will be only slight; further it may 
be expected that the distribution of the contact pressure will 
be distorted so that it is no longer symmetrical, but this will 
also be a secondary effect. Consequently, the Hertzian theory 
still may be applied with a sufficient degree of approximation. 

A primary effect of the frictional stresses is revealed in 
the change of the conditions of stress at and near the surface 
of contact®. The stress field caused by the frictional stresses 
is then superimposed on the stress field caused by the contact- 
pressures. The result is that the point stressed most danger- 
ously, though still situated at a certain depth below the center 
of the surface of contact, will be shifted more and more 
towards that surface as the coefficient of friction increases 
until, at a definite coefficient of friction, this point will lie in 
the surface itself. It is to be expected that with friction the 
material will be overstressed at lower contact-pressures (that 
is, at lower loads) than without friction. All this may explain 
why, in cases of rolling contact at excessive loads which 
involve low friction, chiefly cone- or wedge-shaped wear 
particles are formed (pitting), whereas, if and where sliding 
or a combination of sliding and rolling occurs, thin flake 
shaped wear particles will be formed and then at much lower 
loads. The damage done to the rubbing surfaces by the latter 
form of wear often will be less serious than pitting which 
penetrates deep into the material; the flakes will be very thin, 
as may be seen by examining the wear particles from gear 
teeth which have not suffered from pitting. Conditions might 
even be conceivable under which, paradoxically, a moderately 
high coefficient of friction might, from the standpoint of 
wear, be preferable to a very low one. Anyhow, it is seen 
that, through friction, lubricants may affect the stresses set up 
in the material. 

On the other hand, the properties of the lubricant will be 
affected also, but (as far as the stresses are concerned) only 
by the contact-pressures to which it is subjected at the surface 
of contact. The major effect of these pressures would be an 


increase of viscosity; in some cases some constituents of the 


’See Forschung auf dem rebiete des Ingenteurwesens, Vol. 7, 1936. 
No. 3, pp. 141-147: ‘‘Beanspruchung von Schiene und Rad beim Anfahren 
und Bremsen, by L. Foppl. 

1 See Proceedings of the Second World Petroleum Congress, Paris, 1937. 
Vol. III, pp. 471-486: “Les Températures de Surface dans des Conditions 
de Graissa Extreme Pression,” by H. Blok. (Because of errors 
in the official text of this paper, Mr. Blok offers to send a corrected reprint 
tree of charge on application to the Delft Laboratory.) 

"See General Discussion of Lubrication and Lubricants, 
Mechanical Engineers, 1937, Vol. 2 
ture Flashes on Gear Teeth 
H. Blok. 

See General Discussion of Lubrication and Lubricants, Institution of 
Mechanical Engineers, 1937, Vol. 12, pp. 222-235: ‘*Theoretical Study of 
Temperature Rise at Surfaces of Actual Contact under Oiliness Lubricating 
Conditions,” by H. Blok. 
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Fig. 3-Distribution of temperature flash over surface of 
actual contact 


lubricant might even become solid during its passage through 
the surface of contact. The local temperatures, however, are 
certain to have a very distinct influence on the lubricant; this 
subject will be discussed in c. 

c. Temperature Flashes and Thermal Stresses — As already 
mentioned in the introduction, the local temperatures in the 
surface of contact may be 
components. 


considered to consist of two 

1. The bulk temperature shows a fairly even level through- 
out the mass of the rubbing bodies. It is caused by the 
accumulation of heat in the rubbing bodies; although the 
frictional heat sometimes may constitute a considerable part 
of this accumulated heat, the heat externally applied will 
mostly be the chief contributing factor. Mostly, the rate of 
establishment of the bulk temperature is fairly low. 

2. The temperature flash is caused exclusively by the fric 
tional heat developed at the surface of contact and is restricted 
chiefly to the immediate vicinity of this surface. It may be 
shown that its rate of establishment is so high (corresponding 
to a time of about one-thousandth of a second, or less) that 
even fairly rapid fluctuations in the decisive factors, such as 
contact pressure and relative motion of the rubbing surfaces, 
are followed practically immediately by the temperature 
flash’. 

In contradistinction with the bulk temperature, the tem- 
perature flash is not readily measurable. Indeed, the only 
adequate measuring method seems to consist of using the 
rubbing surfaces themselves as a thermocouple. So far the 
only instance of measurements on actual machine parts with 
concentrated contact seems to be those on spur gears, carried 
out by the author'!. It is to be expected that reliable experi- 
mental set-ups for other kinds of gears would become rather 
complicated. 

Fortunately, it was possible to develop a theory for calcu- 
lating the temperature flashes for all cases of line-contact’® 
and point-contact’*; this theory checked satisfactorily with 
the spur-gear experiments. It can be shown by means of this 
theory that the temperature flash on highly loaded hypoid 
gears may attain easily a value of 500 C and more (red heat!). 

For the simple case that the rubbing surfaces show only a 
crosswise motion relative to a band-shaped surface of contact, 
the distribution of the temperature flash may be represented 
as shown schematically in Fig. 3. 

In this figure V, denotes the relative crosswise speed; it will 
be seen that the maximum temperature occurs near the trail- 
ing edge of the surface of contact and that the temperature 
rise in all points “before” the leading edge may be neglected. 

The following important features should be noted: 

If the rubbing materials have the same thermal properties, 
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most of the frictional heat will be absorbed by the rubbing 
surface moving fastest. 

There is an astonishingly steep temperature gradient from 
the points of the rubbing surfaces that are exposed momen 
tarily to the temperature flash, down into the material, so that 
the high temperatures are confined solely to the surface layers. 

If, in the case of band-shaped surfaces of contact, there is 
exclusively a pure lengthwise sliding action, the temperature 
flashes will become exceedingly high, as points of the rubbing 
surfaces will be “rubbed” —and thus heated — during their 
relatively long ‘passage through the surface of contact the 
duration of this passage is much longer than in the case of a 
pure crosswise sliding action. This condition explains why, 
on hypoid gears where the lengthwise sliding is great com- 
pared with the crosswise sliding, the temperature flashes may 
become so much higher than on bevel gears. 

Some consequences of Aigh temperature flashes are: 

The mechanical properties of the rubbing materials usually 
will deteriorate rapidly; this is all the worse, because the 
surface of contact is affected in particular, that is, the very 
part of the rubbing surface where good mechanical properties 
are essential. 

The extremely high temperature gradients, entailed by high 
temperature flashes, give rise to severe temperature stresses 
which are, moreover, superimposed on the stresses caused by 
the contact-pressures and the frictional forces. All this, in 
combination with the foregoing item will impose a severe 
strain on the rubbing materials. 

Furthermore, when the contact-pressures are high, the local 
temperatures, even if they are considerably lower than the 
-melting point of the rubbing materials, will tend readily to 
cause local welding of the rubbing surfaces and, when the 
surfaces are driven on relentlessly, this condition will result 
in severe scoring or in so-called seizure. In some test ma- 
chines the motion even may be stopped by the strength of the 
welds made and a “perfect” weld will be obtained. 

The duty imposed on the lubricant in its passage through 
the surface of contact will also be extremely severe. In cases 
of concentrated contact, straight mineral oils are known to be 
unsuitable for these conditions of high temperature flashes. 

d. Effects of Impact Loading — Little is known with regard 
‘to the effects of impact loading. Experiments carried out on 
spur gears by the author under conditions of actual impact 
loads tend to show that, if the perpendicular motion of the 
rubbing surfaces between the impacts is of the order of 0.1 
mm, the damping effect, caused by the viscosity of the lubri- 
cating film adhering to the rubbing surfaces, plays the pre- 
dominant part in decreasing wear; this condition seems to 
hold good even when the tangential speeds of these surfaces 
are relatively high. A remarkable feature of these experiments 
‘was that the various hypoid lubricants and fatty oils tested 
did not decrease wear under these conditions any more than 
their viscosity would lead us to expect. This fact tends to 
upset entirely the belief that, for instance, a hypoid lubricant 
may safely possess a low viscosity if only the bases or dopes 
added are sufficiently powerful. 

A paper on these experiments will be published shortly, so 
, that they will not be discussed further in the present paper. 

e. Duty-Recovery Cycle—In addition to the foregoing fac- 
tors a. to d., the duty imposed on the rubbing materials and 
on the lubricant will be determined to some extent by the 
“duty-recovery cycle.” This term requires some elucidation. 

If we consider, for instance, the engaging conditions of 
gears, a point of a tooth face will be subjected only to high 
local pressures, and perhaps also to high local temperatures, 
for the very short time — the “on-time” — that it traverses the 
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Fig. 4-—Special case of dispersed contact: plane surface 
contact 


surface of contact. This “on-time” is only a small traction of 
the total time of engagement of the tooth face and this, in 
turn, is only a small fraction of the duration of one complete 
revolution of the gear wheel, so that the point considered is 
afforded relatively ample time — “off-time” — to “recover.” 

Besides the local pressure and temperature, the duration of 
the on-time and of the off-time also will exert some influence 
on the processes, for example, chemical reactions (such as, 
action of hypoid lubricants), and on the resulting phenomena 
which take place during engagement. 

The ratio between the off-time and on-time, the so-called 
“off-on ratio,” may differ appreciably for different cases; some 
instances where it is low are: 

t. When one of the rubbing surfaces does not move with 
respect to the surface of contact (pure sliding), the off-time 
and consequently also the off-on ratio will be zero tor all 
points on that rubbing surface (Timken machine and Four 
Ball Apparatus). In practice, such a condition, which 1s very 
severe under concentrated contact, is a rarity. 

2. When there is a pronounced lengthwise sliding action 
(hypoid gears), the on-time likewise will be relatively long, 
which is unfavorable from the standpoint of temperature 
Hashes. 

Il — Dispersed Contact 

The nature of dispersed contact differs considerably trom 
that of concentrated contact; for instance, for concentrated 
contact, the macrogeometrical features of the rubbing sur 
faces are decisive; whereas, in the case of dispersed contact, 
the microgeometrical features (roughness) are decisive. As, 
chiefly, the microgeometrical features can be specified only 
statistically, this applies equally to the nature of dispersed 
contact. The type of contact known as surface-contact, which 
occurs between conforming surfaces, being a typical form ot 
dispersed contact, will be discussed in detail. 

The conforming “rubbing” surfaces again will be consid 
ered first as stationary, and then the effects of motion will be 
dealt with. 

A — Stationary Dispersed Contact 

The conforming rubbing surfaces either can be both plane 
or both curved. 

From a macrogeometrical point of view, for plane surtace 
contact, the one surface is a perfect copy of the other. For 
curved surface contact, either surface is likewise a copy ot 
the other, be it a negative copy; however, this definition 
mostly applies only to a limited extent as, for practical rea 
sons, some clearance often has to be provided (shaft or rod 
in a bushing) and then the surfaces do not conform perfectly. 

Examples of plane surface contact are: a plain thrust bear 
ing; a piston ring in its groove; a set of clutch plates. 

Examples of curved surface contact are: a piston or a piston 
ring in a cylinder; a journal in a sleeve bearing; a screw 
spindle in a nut. 
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The consequences of the dependence of the nature of dis 
persed contact on the roughness will now be considered 
further for plane surface contact. As already explained in the 
introduction, the region of contact will be “spangled” with 
the dispersed surtaces of actual contact (Fig. 4). 

The fact that, whatever the quality of the fit or of the 
finish, a load imposed on conforming surfaces will be local 
ized to the irregularities of these rubbing surfaces, has now 
been established by numerous experiments?”. 

It is obvious that, in contradistinction with concentrated 
contact, the pressure distribution over the region of contact is 
discontinuous. 

Unless the rubbing surfaces are extremely flat and smooth 
(as, for instance, gage blocks), the total actual bearing area 
is only a small fraction of the apparent bearing area. This 
fraction may be of the order of magnitude from as little as 
one ten-thousandth to one hundredth and, for a given com- 
bination of rubbing materials, depends primarily on the load; 
it seems that roughness is only of secondary importance in 
this respect. 

Accordingly, despite the fact that, in cases of dispersed con 
tact the mean apparent contact-pressure is usually relatively 
lew (anything from about one to a few hundred kg/cm* at 
most), the actual contact-pressures will be extremely high (for 
steels, for instance, often 10,000 kg/cm* and higher), just as 
under concentrated contact. 

Naturally, owing to the statistical nature of dispersed con 
tact, only few quantitative data are available; some of the 
most important will be considered in the following: 

The total actual bearing area appears to increase about 
proportionally to the load, so that the actual contact-pressures 
will be practically independent of the load. Furthermore, 
actual contact 
pressures approximate the hardness of the softer of the two 


according to measurements by Holm!'*, the 


rubbing surfaces, as expressed in terms of specific pressure 


(Brinell or Vickers hardness scale). This condition means 


that the greater share of the load will be carried by plastically 
deformed surfaces of actual contact, whilst the smaller, re 
maining, portion may be carried by elastically deformed sur 
faces of actual contact'*®. This implies that the ratio between 
the total actual bearing area and the area of the region of 
contact 1s approximately equal to that between the mean 
apparent contact-pressure and the hardness (expressed in 
terms of specific pressure) of the softer of the two rubbing 
surfaces. It stands to reason that at increasing load the num 


'8 See Proceedings of the Royal Society, Vol. 169, 1939, pp. 391-41 
“The Area of Contact between Stationary and between Moving Surfaces,” 
by F. P. Bowden and D. Tabor. See also Wiss. Veroff. a.d. Siemens 
Konzern, February, 1929, Vol. 7, pp. 217-271: ‘‘Ueber metallische Kon 
taktwiderstande;” and Vol. 17, 1938, No. 4, pp. 43-47: “Eine Bestimmung 
der wirklichen Bertihrungsflache eines Biirstenkontaktes,’”’ by R. Holm 

Preference has been given to the most recent papers of these and of 
other authors, as these papers contain the most extensive information, and 
as they usually include a summary of previous work. Throughout the 
paper no choice has been made between the claims of the various authors 
regarding priority. 

4 See Wiss. Veroff. a.d. Siemens Konzern, Vol. 17, No. 4, 
pp. 43-47: “Eine Bestimmung der wirklichen 
Birstenkontaktes,”’ by R. Holm. 

' All these data have been obtained by measuring the 
ductivity of the region of contact as a function of load. It may be shown 
easily that, if any two of the three variables: actual contact-pressure. 
average size and number of the surfaces of actual contact, can be determined 
at a definite load, the third can be calculated for this load Now, by 
measuring the conductivity, only one relation between any two of these 
three variables can be found, so that either a further experiment of another 
kind or some suitable assumption is necessary. Such a supplementary 
experiment was devised recently by Holm’, who succeeded in measuring 
the dimensions f the surfaces of actual contact on moving rubbing sur 
faces in a simple but ingenious way. Judging from the results. we may 
assume reasonably that the actual contact-pressure is about equal to the 
hardness of the softer rubbing surface. In this connection attention may be 
drawn to an experimental method, consisting of measuring the very small 
tangential displacement of plane surfaces due to tangential forces smallet 
than the static friction. Rankin’ came to the rather surprising conclusion 
that these displacements were elastic; starting from this fact it can bé 
shown (see the Appendix) that this experimental method may replace the 
measurement of the electric conductivity. ; 
a 16 See Philosophical Magazine, seventh series, 1926, Vol. 2. pp 
pa Elastic Range of Friction,” by J. S. Rankin 

or tangential vibrations, see the Appendix 
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ber of the surfaces of actual contact, as well as the dimensions 
of the existing surfaces of actual contact, will increase. The 
average dimension may amount to 0.1 mm, but will mostly 
be considerably smaller. 

So far, no thorough study has been made of the effect on 
the nature of dispersed contact of either surface treatments of 
the rubbing surfaces, or of the running-in process. At all 
events the actual contact-pressures may be expected to be 
invariably high for dispersed contact. 

It may be rather surprising that one of the most important 
conclusions to be drawn from the foregoing is that, in the 
case of dispersed contact, the actual bearing pressures are ol 
the same order of magnitude (sometimes even higher) as in 
the case of concentrated contact. Invariably, all types of 
boundary lubrication including cases ot concentrated contact, 
as well as of dispersed contact, therefore might be called: 
“extreme-pressure lubrication,’ and thus, without further 
definition, this term does not denote any specific type of 


boundary lubrication. 


B - The Effects of Motion 

The principles underlying the effects of motion under con 
ditions of concentrated contact, as discussed under 1-B, may 
be applied partly to the problem of dispersed contact, with 
which we are now concerned. Consequently, the following 
discussion will be abridged accordingly. 

Of the effects of tangential motion only those of sliding 
motion need be considered, as rolling of conforming rubbing 
surfaces, which are to be dealt with here, is impossible. The 
effects of perpendicular motion will be considered separately 
under d.: “Effects of Impact Loading.” 

It is characteristic of dispersed contact that, owing to wear, 
the various geometrical features of the roughness of the rub 
bing surfaces change continuously during operation; indeed, 
these features might change so appreciably that the total 
actual bearing area would become much larger than in the 
case of rubbing surtaces not yet run-in. 

As a result of the relative motion of the rubbing surfaces, 
the number of the surfaces of actual contact will vary, and it 
is conceivable that “riding bumps” also will be experienced; 
however, if this number is not too low (for example, if the 
load is not extremely low), both effects may be neglected. 
Nevertheless, a very important effect will be that each indi 
vidual irregularity of the rubbing surfaces will not continu 
ously be a surface of actual contact; there is, as it were, a kind 
of interchange of the surfaces of actual contact. However, the 
highest irregularities on a rubbing surface which is stationary 
relative to the region of contact are likely to constitute a 
permanent or almost permanent surface of actual contact. 

The following effects of motion’’ will now be considered: 

a. Oil-wedge formation. 

b. Frictional stresses. 

c. Temperature flashes and thermal stresses. 

d. Effects of shock loading. 

e. Duty-Recovery cycle. 

a. Oil-Wedge Formation — Under conditions of dispersed 
contact, the opportunities for establishing an oil wedge (in 
general: a wedge of lubricant) between the rubbing surfaces 
are far better than under those of concentrated contact, espe- 
cially if the rubbing surfaces are adjusted or can adjust 
themselves so as to secure a favorable shape of the oil wedge 
(plain sleeve bearings or Michell’s tilting-pad bearings). How- 
ever, many designs do not afford such favorable opportunities 
or, in other cases, one or more of the following unfavorable 
circumstances is present: the supply of lubricant is too scanty; 
the viscosity of the lubricant is too low (high temperature); 
the speeds are too low; the specific load is too high. 
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In these unfavorable cases the effects of hydrodynamic 
lubrication often can be neglected against the effects of boun- 
dary lubrication; direct contact will exist between the rubbing 
surfaces. These conditions are typical for the cases to be 
discussed later. 

b. Frictional Stresses -On account of kinetic friction, fric- 
tional shearing stresses will be set up on and near the indi- 
vidual surfaces of actual contact. Granted that some energy 
is required for overcoming viscous friction in the shallow 
“pools” of lubricant around the surfaces of actual contact, a 
reasonable approximation of the frictional stresses on these 
surfaces nevertheless will be obtained by multiplying the 
actual contact-pressures by the measured overall coefficient of 
kinetic friction. 

Not until our knowledge of micro-mechanics has been 
extended, will it be possible to acquire an idea of the allow- 
able magnitude of the stresses caused by the combination of 
contact-pressure and friction. According to our present knowl- 
edge, higher stresses might be allowable than from the point 
of view of ordinary applied mechanics as, owing to the small 
dimensions of the surfaces of actual contact, the crystalline 
structure of the rubbing materials would have to be taken 
into account. Heterogeneities of the rubbing materials also 
will play some part. 

Under conditions of static friction the physico-chemical 
properties of the lubricant as well as of the rubbing materials 
seem to be of paramount importance!’ whereas, in the case 
ot kinetic friction under boundary lubrication conditions, this 
statement may hold good only for the lubricant. The proc- 
esses and phenomena involved here certainly will be affected 
to a large extent by the mechanical properties of the rubbing 
materials. 

c. Temperature Flashes and Thermal Stresses — As in the 
case of concentrated contact, the local temperatures of the 
surfaces of actual contact may be considered to consist of two 
components, namely, the bulk temperature and the tempera- 
ture flash. 

Very interesting measurements of the local temperatures 
were carried out by Bowden and Ridler'®; in these experi- 
ments the rubbing surfaces themselves were used as a thermo- 
couple. It was found, inter alia, that, when the sliding speeds 
were increased sufficiently (to a few meters per second and 
more), the local temperatures became equal to the melting 
point of the lower melting of the two rubbing surfaces. 

Some important features of the temperature-flash compo- 
nent of the local temperatures, apparently not readily measur- 
able, are elucidated by a theory of the author!*. This theory 
states, inter alia, that the rate of establishment of the temper- 
ature flash is extremely high. According to this theory, the 
steady state would not only be reached by the surfaces of 
actual contact on the highest irregularities, but also, be it 
intermittently, by many lower ones, which only occasionally 
will become surfaces of actual contact. 

It will be noted that under dispersed contact the tempera- 
ture flashes occur only at the small surfaces of actual contact 
which are dispersed in the comparatively large region of 
contact; even if the temperature flashes are high, their share 
to the mean temperature of the region of contact will not be 
appreciable, and thus they easily may escape notice if only 
ordinary temperature measurements are carried out. 

d. Effects of Impact Loading — Experimentally, little seems 
to be known regarding the effects of impact loading under 
conditions of dispersed contact. 


'S See Proceedings of the Royal Society of Great Britian, Vol. 23, 1920, 
p. 65: ‘‘Problems of Lubrication,”” by W. B. Hardy. 

19 See Proceedings of the Royal Society, Vol. 154, 1936, pp. 640-656: 
“The Surface Temperature of Sliding Metals— The Temperature of Lub- 
ricated Surfaces,” by F. P. Bowden and K. E. W. Ridler. 


If actual impacts occur, the film of lubricant between the 
rubbing surfaces first must be squeezed out before direct 
contact can take place between these surfaces. At all events, 
there is in this case less chance of the lubricant being squeezed 
out, than under conditions of concentrated contact, as the 
rubbing surfaces conform. In the cases of impact loading 
considered, it is consequently to be expected that, owing to 
its damping effect, the viscosity of the lubricant in the film 
will predominate entirely over the boundary lubricating 
properties. 

e. Duty-Recovery Cycle — Unlike concentrated contact, there 
are in this case two features which determine the duty- 
recovery cycle of a surface of actual contact: 

1. Under conditions of dispersed contact, one of the rubbing 
surfaces will, as a rule, remain stationary with respect to the 
region of contact (the face of a piston ring may be mentioned 
as an example). On this rubbing surface, recovery of the 
rubbing surfaces takes place solely as a result of the surfaces 
of actual contact changing continually within its region of 
contact; this action might explain why this rubbing surface 
nevertheless may perform its function reasonably well. 

2. The continual shifting of the region of contact relative to 
the other rubbing surface (the cylinder wall). The less fre 
quently the same spot of this rubbing surface comes into 
action, the more favorable will be the effect of this feature. 

Whereas for the chemically active dopes (for example, in 
hypoid lubricants) —that are used frequently under condi- 
tions of concentrated contact—the “on-time” (temperature 
flash) seems to be essential for their action, for the pAysico- 
chemically active dopes (polar substances like stearic acid) — 
that are frequently used under the conditions of dispersed 
contact considered here — the “off-time” is essential for their 
action. 


Classification of Boundary Lubrication 


A classification of boundary lubrication, based on all the 
mechanical conditions just discussed, would become much too 
complicated for practical use. A compromise therefore has to 
be made. After careful consideration, the author found that a 
suitable classification could be based on only two factors: 

First factor: On the magnitude of the mean (sometimes 
apparent) contact-pressure in the region of contact. 

Second factor: On the magnitude of the mean temperature 
in the surface(s) of actual contact. 

It will be seen readily that, according to this method of 
classification, four main types of boundary lubrication may 
be distinguished. These are: 

Type I—Low-Pressure and Low-Temperature Boundary 
Lubrication, which will be referred to briefly as “Mild Boun 
dary Lubrication.” 

Type Il —Low-Pressure and High-Temperature Boundary 
Lubrication, which will be described briefly as “High-Tem- 
perature Boundary Lubrication.” 

Type Ill — High-Pressure and Low-Temperature Boundary 
Lubrication or, briefly, “High-Pressure Boundary Lubrica 
tion.” 

Type 1V —High-Temperature and High-Pressure Boundary 
[Lubrication or, briefly, “Extreme Boundary Lubrication.” 

It is emphasized that: 

1. Types I and II are characterized by dispersed contact 
and Types III and IV by concentrated contact. 

2. The decision for each given case, whether the mean 
temperature or the mean pressure is “low” or “high,” depends 
not only on their magnitude, but also on the combination of 
rubbing surfaces. It has been impossible so far to establish 
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definite limiting values, but the differences may be shown to 
be very characteristic. 

;. Up to the present, Type IV has been referred to as 
“Extreme-Pressure (or EP) Lubrication” but, logically, the 
term now proposed (Extreme Boundary Lubrication) should 
be used, as it may be shown that, in this type of boundary 
lubrication, it is more the high temperatures than the high 


pressures that are decisive (just drop the word “Pressure” in 


the old term, as it is not essential ). 

4. Terms like oiliness, film strength, and so on, could better 
be discarded, as they are only very vaguely defined and thus 
readily give rise to confusion; according to the case to be 
considered, they had better be replaced by one of the terms: 
mild boundary lubricating properties, high temperature boun 
dary lubricating properties, and so on. 

s. The classification just given takes account of only the 
four main types of boundary lubrication. In the future, a 
further subdivision of these types may prove desirable; in fact, 
even at this stage, it is useful to divide Type II into two sub 
types (see the following). Furthermore, transitions between 
the just-mentioned main types certainly will exist. 

6. It is self-evident that in practice machine parts usually 
will not operate continuously under constant conditions, so 
that shifting may occur from one type of boundary lubrication 
to another; of course, transitions from hydrodynamic to 
boundary lubrication also may occur. 

Each of the four main types of boundary lubrication now 
will be discussed from the point of view of: 

1. Occurrence in practice. 

> 


2. Characteristic lubricating phenomena and processes. 


5 


3. Improvements of the lubricants and of the rubbing 
surfaces. 

In general, the following may be remarked with regard to 
Item 3: 

A lubricant which is to ensure good lubrication under 
diverging conditions should, in the first place, meet a smaller 
or larger number of requirements as to viscosity and adequate 
boundary lubricating properties. Besides these essential lubri 
cating properties, the lubricant often may have to possess 
subsidiary properties as regards stability, and so on, and, in 
some cases, these properties are even of paramount importance 
from a practical point of view. 

Further, it should be realized that the fact that a lubricant 
meets exacting requirements quite satisfactorily does not 
directly imply that it also will meet mild requirements of 
quite another kind; for instance, it may be found that a 
lubricant which behaves quite well under conditions of Ex 
treme Boundary Lubrication (that is, affords excellent protec- 
tion against seizure) gives rise to increased wear under milder 
conditions. 

Type I— Mild Boundary Lubrication— As in mild boun 
dary lubrication the mean apparent contact pressure in the 
region of contact is by definition low; dispersed contact 
(which may be either plane or curved) is in this case char 
acteristic; accordingly, only pure sliding is possible. As, more- 
over, the mean temperature in the surfaces of actual contact 
Is by definition low, the occurrence of mild boundary lubrica- 
tion is restricted further by the feature that both the external 
heat and the frictional heat are negligible. 

The local temperatures being low, the sliding speeds cannot 
be otherwise than relatively low. Hence, low-speed sleeve 
bearings, leaf springs, many kinds of pivots, hinge joints and 
the like are representative of this type; deep pressing at low 
speeds also may be mentioned. 





20 See General Discussion of Lubrication and Lubricants, Institution of 
Mechanical Engineers, 1937, Vol. 2, pp. 295-301: “The Study of Wear and 
Lubrication by Electron Diffraction,” by G. I. Finch and F. D. Zahoorbux. 
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Cooling not being required and friction being mostly ot 
minor importance, the purpose of the lubricant is generally to 
diminish wear; greases and, in some cases, pastes can be 
applied advantageously. Sometimes porous bearing metals 
merely impregnated with oil are used successfully. 

Mild boundary lubricants may be improved by addition 
agents, such as, for instance, polar substances (stearic acid, 
and so on) which, as the temperatures are low throughout, 
are capable of being adsorbed firmly on the rubbing surfaces; 
also graphite is often applied successfully. 

Apparatuses used for investigating mild boundary lubricat 
ing properties include the well-known Deeley and Herschel 
machines. Admittedly, the latter machine shows concentrated 
contact, but it nevertheless yields valuable results because the 
loads are so small that the dimensions of the surface of contact 
may be compared reasonably with those of the surfaces of 
actual contact under conditions of dispersed contact. 

Type Il1—High-Temperature Boundary Lubrication — Just 
as in the case of Type I boundary lubrication, High-Tempera 
ture Boundary Lubrication is characterized by either plane or 
curved dispersed contact (and thus by pure sliding), as the 
mean pressure in the region of contact is low by definition. 

Upon further consideration, it is evident that the Azgh tem 
peratures in the surfaces of actual contact may either be 
chiefly composed of a high bulk temperature or of a high 
temperature flash; therefore, a corresponding subdivision of 
High-Temperature Boundary Lubrication into two sub-types 
Ii A and II B will be useful. 

Sub-Type II A— This sub-type II A is characterized by a 
high bulk temperature; consequently, the temperature will be 
high throughout the region of contact, that is, also between 
the surfaces of actual contact. 

The high bulk temperature either can be caused by external 
heat (engine cylinders) or by the accumulation of frictional 
heat (clutch plates). 

The most important examples in which the high bulk 
temperature is caused by external heat are to be found in the 
lubrication of the cylinders of superheated steam engines and 
internal-combustion engines (especially aero engines). The 
latter case will be discussed in greater detail; indeed, the high 
bulk temperature is chiefly due to the heat of combustion, as 
the average friction is fairly low. It is essential to realize that 
the piston rings play a prominent part in the conduction of 
heat from the piston to the cylinder wall. 

Only in or near the dead centers is it likely that boundary 
lubrication definitely plays a larger part than hydrodynamic 
lubrication. Since, in these positions, the sliding speed is low, 
no high temperature flashes are to be expected. 

Hot scufing and the resultant excessive wear have to be 
prevented, whilst only external means can be relied upon for 
cooling, seeing that the oil supply is so scanty. 

Apart from other considerations, the rubbing surfaces of 
the cylinder wall and of the piston rings have to perform 
such heavy duties (high bulk temperatures), that they must 
be made of rather hard and high-melting materials. Cast iron 
or even nitrided steel, respectively cast iron or sometimes steel 
are used. In Europe, even chromium plating is being adopted 
for special purposes, for example, in large diesel engines. For 
pistons light alloys often are used successfully; even here the 
rubbing surfaces are not so soft as would be expected offhand, 
namely, they seem to consist for an appreciable part of hard 
aluminum oxide crystals”°. 

It is characteristic of this type of High-Temperature Boun- 
dary Lubrication that, whilst the duty imposed on the lubri 
cant during the “on-time” is already rather severe, the “off- 
time” duty is still worse, as the lubricant is exposed continu- 
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ally to high temperatures. Greases cannot therefore be used, 
as they would decompose. 

For this kind of service it is particularly difficult to find 
suitable anti-scuffing or anti-wear dopes, as they may be 
affected easily by the high bulk temperatures; they are liable 
to decompose and may then become inactive or, still worse, 
corrosive. Therefore, improvement of the rubbing surfaces, 
for example, by surface treatments, seems to be the best 
solution. 

Often the demand for outstanding essential lubricating 
properties is outweighed by the demand for subsidiary prop 
erties, such as stability, little tendency to cause ring-sticking, 
and so on. 

It will now also be evident why no satisfactory all-round 
testing apparatuses have been developed so far, so that tests 
inevitably have to be carried out in the engine. 

Finally, it is important to note that, besides mechanical 
wear, corrosive wear may play a large part, especially when 
‘the cylinder walls are relatively cool as, for instance, during 
starting”?. 

Sub-Type II B—This Sub-Type II B is characterized by 
high temperature flashes on the surfaces of actual contact; the 
temperature between these dispersed surfaces, by definition, 
will be relatively low. 

The temperature flashes being high, the sliding speeds, in 
this case, must be relatively high. Therefore, fast-running and 
well-cooled (copious oil supply) sleeve bearings, provided 
there is direct contact between journal and bearing, are repre 
sentative of this sub-type. Greases cannot be used as they are 
not suitable for the purpose of cooling (which prevents the 
accumulation of frictional heat). 

For this sub-type, the danger of seizure is also paramount 
and, as the bulk temperature is comparatively low, a com 
bination of a soft, low-melting and of a hard rubbing surface 
is here possible and therefore common, as this practice limits 
possible serious damage to the readily melting part (this is 
generally the less expensive part). 

Just as in Mild Boundary Lubrication, the lubricant often 
is improved by dopes, consisting of polar molecules capable 
of being adsorbed firmly on the rubbing surfaces; however, in 
the case considered, the adsorbed layers are exposed to high 
temperature flashes, be it only intermittently. The danger of 
corrosion, especially of the modern bearing metals, is not 
illusory. 

Type IIl—High-Pressure Boundary Lubrication — High- 
Pressure Boundary Lubrication is not to be confused with the 
Type IV boundary lubrication which is commonly called 
Extreme-Pressure Lubrication. 

In contradistinction with Types I and I, for Types III and 
[V boundary lubrication, concentrated contact is characteristic, 
as by definition the mean pressure in the region of contact is 
high; for the same reason, in Types III and IV the region of 





“1 See Transactions, Institution of Marine Engineers, Vol. 45, No. 6, 
July, 1933, pp. 173-181: ‘‘Some Notes and Observations on Petrol and 
Diesel Engines,” by H. R. Ricardo; see also SAE Transactions, Vol. 31, 
1936, pp. 191-196: “Cylinder Wear in Gasoline Engines,” by C. G. 
Williams; and pp. 197-199: “Cylinder Wear in Diesel Engines,” by G. D 
Boerlage and B. J. J. Gravesteyn. 

* See Forschungs-Arbeiten f.d. Kraftfahrwesen, 1932, No. 4: ‘Ver 
schleissversuche mit Zahnradern fiir Kraftwagen,’’ by M. Ulrich 

23 See the Journal of Applied Mechanics, ASME Transactions, 
1935, pp. 49-58: “Pitting due to Rolling Contact,’’ by S. Way. 

24 See Proceedings of the General Discussion on Lubrication, 1937, Vol 
1, pp. 504-509: “‘Application of Magnetic Filters to Lubricating Systems,” 
by L. H. de Langen. 

* See “Zeitschrift fur 
mann 

“6 See Stahl und Eisen, Vol. 56, 1936, p. 444: “Einfuss des Luftstickoffes 
auf die Vorgange der Abnutzung,”’ by H. Schottky and H. Hiltenkamp. 

*7 See Automotive Industries, Vol. 77, 1937, pp. 226-230: “False Brinell 
ing,”’ by J. O. Almen. 

28 See Engineering, Vol. 147, 1939, pp. 293-295: “An Investigation of the 
Fretting Corrosion of Closely Fitting Surfaces,” by G. A. Tomlinson, P. L. 
Thorpe, and H. J. Gough 
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contact is identical to the one and only surface of actual 
contact. 

High-Pressure Boundary Lubrication is to be expected only 
in cases where both the effects of external and those of fric 
tional heating are negligible since, by definition, the mean 
temperature of the region of contact, that is, of the sur 
face of actual contact, must be low. 

Examples are primarily all cases of rolling contact, that is, 
all anti-friction bearings but also, for instance, the lubrication 
of those points on spur gear teeth which are only subjected to 
pure rolling, that is, the points on the pitch circle. Further 
more, all cases of gears characterized by conditions not 
affected by the temperature flashes, and by the absence of 
external heating, may be classed under High-Pressure Boun 
dary Lubrication. 

In these cases it is particularly important to ensure slight 
wear, since satisfactory operation is only possible if the shape 
of the rubbing surfaces is retained as perfectly as possible; for 
example, on gears a change of the tooth profiles gives rise to 
dynamic loads which, in turn, cause undue wear. 

Typical forms of wear are “pitting” (rolling) o1 “flaking” 
(combined sliding and rolling). As shown theoretically? and 
experimentally*", pitting might be considered to be caused by 
overstressing of the rubbing materials, resulting in cracks 
starting from within the rubbing materials and not from the 
rubbing surface. The lubricant cannot be blamed for this and 
it would seem that not much improvement can be effected by 
special lubricating properties. There still seems to be some 
controversy in this feld, for experiments on rolling discs by 
Way’ might suggest that cracks started from the rubbing 
surface and were widened gradually by the oil; furthermore, 
pitting could be prevented, provided the ail used showed a 
viscosity higher than a critical value dependent on the load. 

At all events, one of the chief functions of the lubricant 
seems to be the removal of the wear particles formed. In view 
of this, greases are not to be recommended. A further advan 
tage of oils is that they can be filtered efficiently. Magnetic 
filtering seems to be recommendable, as it ensures trapping 
of the wear particles before they can do further damage to the 
rubbing surfaces”. 

It will be obvious why very hard rubbing surfaces (hard 
ened steels, hard bronzes) are used preferably. 

As the impression might have been obtained that High 
Pressure Lubrication is an instance par excellence in which 
wear is exclusively of a mechanical character, it should be 
remarked that certain processes of a chemical nature may 
play a prominent part in promoting wear. Such chemical 
processes are: frictional oxidation’ and “nitriding’*® of the 
rubbing surtaces, caused by the action of oxygen or nitrogen 
respectively in the atmosphere. The phenomenon of false 
brinelling**, which may be identical with the so-called fretting 
corrosion=* may be largely due to frictional oxidation. This 
phenomenon is revealed in its characteristic form only when 
there are minute sliding movements, such as, for example, 
occur between shrunk parts; it is possible that it may also play 
some part when the movements are large, but then it seems 
to be overshadowed by other phenomena. Fretting corrosion 
also may occur in all cases of rolling contact, as then there 
always will be some local and minute sliding movements, for 
pure rolling is only possible when there is mathematically true 
point- or line-contact and this condition never occurs. At the 
present state of knowledge, it would seem that the use of 
special lubricants is not likely to have any appreciable effect 
in these cases either. 

Type IV — Extreme Boundary Lubrication — Type IV boun- 
dary lubrication is the type so far commonly referred to as 
Extreme-Pressure Lubrication. . 
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Concentrated contact at high mean temperature of the sur 
face of contact is characteristic for Extreme Boundary Lubri 
cation. This high mean temperature may be caused by ex 
ternal heating as well as by frictional heating. The latter case 
is the more typical one, and temperature flashes are especially 
characteristic, although accumulation of frictional heat some- 
times may play a part (high-speed wire drawing and various 
machining operations ). 

Highly loaded hypoid gears are a classical example ot 
Extreme Boundary Lubrication; it is nowadays also repre 
sented by other kinds of highly loaded gears, as also by 
highly loaded and fast-running tapered roller bearings of the 
type with so-called two-point alignment of the rollers, as far 
as these two points are concerned. 

Hard rubbing surfaces are used invariably; even then 
seizure will occur when straight mineral oils are used if the 
local temperatures are higher than 300 or 400 C. At it leads 
to excessive wear, the prevention of seizure is of primary 
importance. Specially doped lubricants, the so-called EP lubri 
cants (now better to be described as: Extreme Conditions 
Lubricants; or briefly: E. lubricants; that is, drop the P in 
the old term, as the high pressure is not decisive), which 
afford better protection against seizure, are generally used. A 
reduction of the friction is sometimes important too as, for 
instance, in high-speed wire drawing where a large part of 
the pull required is needed to overcome friction. 

The temperature in the surface of 
contact is decisive as regards the occurrence of seizure. There 


and not the pressure 


are even many indications that seizure occurs only as soon as 
a definite “temperature at seizure” has been reached; in the 
cases investigated by the author, this temperature at seizure, 
which would be characteristic for any combination of rubbing 
materials and lubricant, was found to be almost independent 
of the pressure in the surface of contact and of the tempera 
ture of the lubricant in bulk (for example, temperature of the 
oil bath), provided that the chemical composition of the lubri 
cant in bulk was not changed by this last factor. The testing 
of E. lubricants should be based on this knowledge. It may 
be shown, for instance, that E. lubricants may be rated satis- 
factorily by the ratio between the “temperature at seizure” 
and the coefficient of friction**: *°. 

It is 
local 


that efforts should be made to lower the 
temperature under 


Lubrication. 


evident 


conditions of Extreme Boundary 


The main component of the local temperature, the tempera 
ture flash, should be lowered first. This might be accom 
plished, inter alia, by designing gears in such a way that their 
engaging conditions and the materials (thermal properties!) 
are favorable in this respect. To this end the theory of tem 
perature flashes might be applied to advantage!”. 

Lowering of the bulk temperature alone is not nearly so 
effective as, in the typical cases of Extreme Boundary Lubrica 
tion, the temperature flash predominates by far over the bulk 
temperature. Nevertheless, anything that can be done in this 
respect should be done. For instance, if an oil bath is used, it 
may be cooled artificially. If churning resistance were then to 
become excessive, forced lubrication by means of oil jets might 
be applied instead of an oil bath. Naturally, bulk cooling is 
aimed at particularly in machining; this is so important be 


“© See SAE Transactions, Vol. 34, 
zure-Delay’ Method for 
cants,”’ by H. Blok 

In that paper the E. lubricants are 
ture-and Pressure (ETP) lubricants.” 

3 See De Ingenieur, 53, 1938, pp. 75-81: “Wrijvingsproeven in Verband 
met het Slippen van Autobanden,” by P. J. Papenhuyzen 

%2 The spring mechanism in Bowden and Leben’s experiments consisted of 
a bifilar system; thus their testing procedure resembled in some aspects the 
bowing of a violin string. It should be noted that the same type of fri 
tional vibrations (Fig. 6) was found by Raman ® for violin strings 


3 See Bulletin No. 15, 1918, Indian Association of Cultivated Science 
by C. V. Raman 
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cause, for instance, the life of a turning chisel is known to be 
determined largely by the local temperature. In all cases 
where bulk cooling is to be resorted to, “E. greases,” of course, 
would be absurd. 

To overcome the difficulties (seizure) experienced under 
conditions of Extreme Boundary Lubrication, sulphurized, 
chlorinated, or phosphorized dopes or bases are now widely 
used. All these dopes and bases are chemically active, and 
obviously particularly so at the high local temperatures during 
the “on-time.” According to current ideas, the upper layers of 
the rubbing surfaces are changed chemically and so prevent 
seizure of the rubbing material below these layers (anti-flux 
action). A low chemical reactivity at the temperature of the 
oil in bulk is aimed at, in order to prevent undue corrosion. 

The reactions of these chemical dopes are not reversible so 
that, in the long run, the E. lubricant will be “exhausted,” if 
it is used in an oil bath (gears); is recirculated, or is re-used 
(sulphurized cutting fluids); at present, however, this is ap 
parently no longer a serious problem. 


Final Remarks 


In the future, the various aspects of boundary lubrication 
physico-chemical, chemical, metallurgical, and mechanical 
will have to be considered jointly. This will probably be a 
perplexing task, but it is hoped that this paper will be of some 
value in that respect. 

The author is indebted to the late G. D. Boerlage, and to 
Prof. Dr. W. J. D. van Dijck and J. J. Broeze, for the interest 
shown in his work and for their helpful suggestions. 


Appendix 


Frictional Vibrations under Conditions 


of Boundary Lubrication 


A —Survey of Experimental Data — Frictional vibrations 
here will be understood to mean: self-excited vibrations which 
are bound up closely with frictional phenomena. In accord 
ance with the object of the present paper, only those types of 
frictional vibrations will be considered which are characteristic 
for boundary lubrication. 

Many examples of frictional vibrations may be found in 
squeaking machine parts; the fact that the squeaking can be 
diminished or even eliminated by suitable lubrication demon 
strates the influence of friction. Another example is a violin 
string; that frictional characteristics are here important, at 
least with regard to the nature of the vibrations, is proved by 
the well-known fact that, if no rosin is applied to the bow, 
only very unpleasant sounds can be produced. This example 
likewise clearly demonstrates the influence of the mechanical 
conditions, that is, speed and pressure of the bow. 

In all these cases it is characteristic that there is a vibrating 
member (for example, the string), excited by friction that is 
exerted by a “dragging” member (the bow), which may be 
described as a source of non-alternating energy. Of course, 
the occurrence of sound is no absolute criterion for frictional 
vibrations, as the frequencies may just as well be subsonic or 
ultrasonic, as audible. 

Two sets of recent experiments, carried out independently 
by Bowden and Leben® and by Papenhuyzen*', have made 
known some fundamental aspects of frictional vibrations 
which are important from the standpoint of boundary lubrica 
tion. Both experimental set-ups may be represented by the 
same diagram**, Fig. 5. 

One of the rubbing surfaces, the rigid and relatively heavy 
dragging member 2 was driven positively at a uniform veloc 
ity v along the other one, the vibrating member 1, which was 


attached resiliently by a spring system k; the two members 
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could be pressed together by an adjustable load. In both 
set-ups the natural frequency of the vibrating member was of 
the order of magnitude of rooo cycles per sec, so that this 
member was enabled to oscillate very rapidly. 

As to the influence of the nature of the rubbing materials 
on the frictional vibrations observed, Bowden & Leben’s ex- 
periments, which were intended to throw light upon boundary 
lubrication, afford very ample data, as these experiments were 
carried out with numerous combinations of pure metals as 
well as of alloys; the influence of the 
studied. 

On the other hand, Papenhuyzen’s experiments, which were 
aimed at for investigating the fundamentals of the skidding ot 
automobile tires, were carried out on only a few combinations 
of rubbing materials, namely, a rubber vibrating member 
bearing on dragging members, composed of 
materials and of glass. From these experiments, however, 
more information is available as to the influence of the load 
and especially of the “dragging” speed v (see Fig. 5), as these 
were varied through a wide range. 

re omg results were: 

At low dragging speeds, only uniform sliding was found, 
re is, the “vibrating” member remained stationary, with a 
‘ displacement determined by the constant frictional force and 
the rigidity of its support. 

2. At a sharply defined first critical dragging speed, fric 
tional vibrations set in, which were of a peculiar type, the 
so-called relaxation type (Fig. 6). 

Each vibration cycle consisted of: 

a. A dragging stage AB (Fig. 6), in which the vibrating 
member was dragged along by the dragging member, until a 
maximum displacement B was reached, when the vibrating 
member was apparently released. The duration t, of the 
dragging stage was determined by the dragging speed. 

b. A receding stage BC, in w hich the vibrating member 
slipped back very rapidly to a smaller displacement. The 
duration ¢, of the receding stage was about equal to half the 
natural period of the vibrating member. 

After this stage, the cycle repeated itself, mostly in a fairly 
regular fashion. 


lubricant also was 


various road 


During the dragging stage, the vibrating member lagged 
behind somewhat, showing that a small amount of slip took 
place even then. In Fig. 6 this means that the displacement 
during period AB was less than the corresponding displace 
-ment of the dragging member. 

The speed of slipping during the dragging period increased 
with increasing dragging speed until it was equal to the first 
critical dragging speed; this happened at a second critical 
dragging speed, considerably higher than the first. Increas- 


ing dragging speed from then on introduced still another 
phenomenon: 














KEY 


(1) = RESILIENTLY SUPPORTED BODY (VIBRATING MEMBER) 
(2) = RIGID BODY (DRAGGING MEMBER) 

V = DRAGGING VELocity oF (2) 

X = DISPLACEMENT 


Fig. 5—Sliding of a "dragging member” 


"vibrating 
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Fig. 6—Frictional relaxation vibrations 


At dragging speeds over the second critical speed, tric 
tional vibrations of the simple harmonic (sinusoidal ) 


occurred. 


ty pe 


As to the conditions under Case 1, Papenhuyzen found 
that, for such low dragging speeds, friction increased dis 


tinctly, if only slightly, with speed; under such conditions 


vibrations cannot occur, as the position of the 


member is one of stable equilibrium. 


“vibrating 


At higher dragging speeds (Cases 2 and 3) only a sort ot 
average coefhcient of friction could be deduced from the 
age displacement of the vibrating member. 


aver 
This average was 
considerably lower than the coefficient of static friction. It is 
evident that the vibrating member is, under such conditions, 
in unstable equilibrium. 

Bowden & Leben’s experiments show in most cases th 
occurrence of frictional vibrations of the type described under 
Case 2. “stick 
during the dragging period, no slip between drag 


Bowden & Leben termed the phenomenon 
slip” 
ging and vibrating member was found, so that they seemed to 
“stick” together. From these experiments not many data are 
available as far as the influence of the dragging speeds is 
concerned. 

Frictional Vibra 
In the first place, full attention should be given to the 
fluctuations of the sliding speed of a vibrating member rela 
tive to the mating dragging member. The temperature flashes, 
occurring during the secodiaig stage of the relaxation type ot 
sicehaindh vibeidione. may be quite startling, as then the sliding 
speed between the two members may become very much 
larger than the dragging speed. 


The Importance and Occurrence of 


tions 


For instance, in Bowden & 
Leben’s experiments, the average sliding speed during the 
receding stage amounted to something like 10 to 100 cm per 
SEC, whemen the dragging speed was only about 0.006 cm 
per sec; the resulting temperature flashes have, in fact, been 
demonstrated by Bowden & Leben. 

The fluctuations of friction, being relatively small, are not 
nearly so important for the value of the temperature flashes as 
the fluctuations of the sliding speed; furthermore, it should be 
noted that records like Fig. 6 give an exaggerated idea of the 
fluctuations of friction, as the inertia effects predominate to 
such an extent. 

If the frictional vibrations are of the harmonic type, the 
ratio between the highest sliding speed and the dragging 
speed can be shown easily not to exceed a factor 2, so that 
here the momentary temperature flashes during the receding 
stage may not surprise us to such an extent as in the case of 
relaxation vibrations. 

Whatever the conclusions and implications which may be 
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Fig. 7— Various characteristics of frictional force versus slid- 
ing speed 


deduced from the high momentary temperature flashes, it is 
evident that they can do much damage to the rubbing sur- 
faces; therefore, it will be important to investigate in what 
special cases the relaxation vibrations may occur; this investi 
gating will be done in the following: 

Sowden & Leben’s experiments might suggest that the 
relaxation vibrations are caused by the rubbing surfaces inter 
mittently welding (giving rise to sticking) and breaking 
loose again. However, it was found that, even at the very 
start of an experiment when welding could not “yet have 
taken place, a “stick’” followed by a “slip” occurred already. 
Therefore, welding and breaking loose cannot be the essential 
cause although, in many cases, such phenomena might be the 
consequence of the vibrations considered and although they 
might in that case affect the nature of these vibrations to an 
appreciable extent. Moreover, in Papenhuyzen’s experiments, 
owing to the nature of the rubbing materials, welding could 
not occur, as was confirmed further by the absence of any 
“stick” during the dragging time. 

All this indicates that the essential cause of the relaxation 
vibrations must be sought in another direction. Such a cause 
is present if the frictional force exerted by the dragging mem 
ber on the vibrating member decreases at increasing sliding 
speeds (Fig. 7). 

In the first place, the condition then has to be satished that 
the dragging speed falls within the range where the frictional 
force decreases; for instance, in the case of curve a in Fig. 7 
this would be so for all dragging speeds and, in the case of 
curve 6, this would be so only if the dragging speed is higher 
than the particular sliding speed at which the frictional force 
becomes a maximum (that is, if Papenhuyzen’s first critical 
dragging speed is exceeded). It should be emphasized that, 
in general, curves like a and 4 in Fig. 7 do not imply that the 
coefficient of friction decreases at higher sliding speeds, as 
fluctuations of the load also might result in such curves. 

[t is important to find out the other conditions that are 
possible and that must be satisfied if relaxation vibrations are 
to occur; these conditions might set limits to the adoption of 
the conclusions arrived at from the experiments just discussed, 
for other, and especially, practical cases. These conditions 
now will be determined in the following theory which was 
developed for the particular case that there is a definite static 
frictional force Fy4,, and a definite and constant kinetic fric 
tional force Fyjn of a lower value (curve c in Fig. 7). 





4 Ser Philosophical Magazine, Seventh Series. Vol , 1926, p. 978: “On 
Relaxation Oscillations,” by B. van der Pol 

% Schmaltz % already has stated that, for this simplified case (still more 
simplified by neglecting damping). relaxation vibrations might occur. but 
he did not treat the 


ule subject thoroughly 

_% Communication (not printed) Vibration 
VDI, Frankfurt a. Main (short refe rence in 
kunde,”” p. 223, Berlin, 1936), by G. Schmaltz 


at 1933 Symposium of the 


“Technische Oberflachen 
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C. Theory of Frictional Relaxation Vibrations — The con 
ditions to be satisfied if frictional relaxation vibrations of a 
resiliently attached vibrating member (Fig. 6) are to occur, 
will be determined only for the simplified case that there is a 
definite static frictional force Fe, and a constant kinetic 
frictional force Fin, which is lower (curve ¢ in Fig. 7). 
Other cases, such as represented by curves a and 6 in Fig. 7, 
cannot easily be treated analytically; then, graphical methods, 
such as v.d.Pol’s** have to be resorted to. Many important 
essentials will however already be disclosed by the simplified 
case*”, 

In the simplified case, damping of the vibrating member 
(Fig. 5) will be taken into account as it is always present in 
practice; moreover, the problem otherwise would become so 
trivial that relaxation vibrations might be proved to occur 
(and then at all dragging speeds) if once generated. 

The damping force, acting on the vibrating member, will 


dz 
), Viz. 
dt 


equal to c.x; the mass of this member and the rigidity of the 
spring system (Fig. 5) will be represented by J, and k 
respectively. 


be taken proportional to its speed z ( # denoting 


If, and as long as the two members move relatively to 
each other, the following equation of motion applies at any 
moment: 


lx +ex+ kz F.;, = 0 | 


In this equation x denotes the displacement of the vibrating 
member relative to the position in which the spring is not 
strained (Fig. 5). 

The other possibility, that there is no relative motion, is 
represented by: 


Ix =0 2 


Now, the condition(s) setting the limits of the region of 
relaxation vibrations can be deduced conveniently by assum 
ing that, in some way or other, the speed x of the vibrating 
member has been induced (in some position as P in Fig. 8) to 
become equal to the dragging speed v. 


stat 


os Cv . . 
\s up to the position the friction is able to ad 


just itself so as to be equal at any moment to the sum of the 
spring-force k.x and of the damping force c.v, the vibrating 
member will maintain this speed v up to this position (OQ in 
Fig. 8); beyond position QO, the friction’ is unable to do so 
any longer, as it cannot exceed the value Fa. From QO on 
wards, therefore, sliding will set in, and the friction imme 
diately will become lower, namely, equal to Fin, and continue 
to remain so, up to the moment that the speed x of the 
vibrating member becomes equal again to v. According to 
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Fig. 8 — Frictional vibrations 
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Fig. 9?- Condition: Maximum allowable damping Dimax as a 
function of ¥ 


Equation (1), which applies here, the motion during this 


stage is a damped vibration about the position Only it 


the damping is smaller than aperiodic, the vibrating member 
will “shoot” through — otherwise it will “creep” asympto 
tically to—this position (see ORST in Fig. 8) and exclu- 
sively in that case, speeds x, which show the same direction 
as the dragging speed v, will occur again. It is obvious that 
only then the opportunity may be afforded of “catching” of 
the vibrating member by the dragging member; this catching, 
in turn, is essential 
vibrations. 

Preliminarily it thus may be stated that the damping should 
be smaller than aperiodic, that is: 


for the maintenance of the relaxation 


Di<] 3) 


in which: D = — 4 
2VkI 


However, the condition expressed by (3), does not yet 
imply that x will actually become equal to v. It remains to 
be investigated, in what way this condition should be ex 
pressed more precisely; this may be done as follows: 

Equation (1) and condition (3) being satisfied, the damped 
vibration will be described by the following expression for the 
displacement x of the vibrating member: 


wp!) % 


; - 2 em (wpt) + 


v D 
( ra yi ) sin wot) | 5 
Lowy v1—lD 


in which x, is the displacement at zero time (position QO in 
Fig. 8): 


and: WD 


k 
v-1—-D x \ ] 7 


By differentiation of x to the time ¢, the speed x will be found 
to be equal to: 


l 
D D = 
‘ ae (Opp ¥ 
Zt =v-¢ yi-m -| COS (wpl Sin (wpt) S) 
Vv1-D 
vvkl 
in which: y = —— 9 
P sta 


It may be found easily trom Equation (8) that x will attain 
an extreme value, x,x;,. each time that (wt) attains a value, 


such that: 


tan (wpl) = 10 


D 
‘(1 — Dy ¥vV¥1—D 
v1—D 


At the smallest positive one of the successive values ot 
(w’p»t) that satisfy Equation (10), the speed x Bice 88000 
rected opposite to v (position S in Fig. 8); then the highest 
sliding speed will occur. 


However, the next higher of the values (#pt) is the most 


important in the present problem, as it yields the first ex 


treme speed x = x.24.. Which shows the same direction as v. 


It this particular calculated value of x is larger than v, the 
vibrating member will be caught by the dragging member, 
and consequently this value will not be reached by the speed 
r, this speed x will then remain equal to v, at least for some 
time; a relaxation vibration will then be maintained. 

It will be seen that the precise condition we are seeking 
may be expressed by requiring that the extreme value naz, 


which would be obtained according to (8) for the second 
particular value of ( ¢) in Equation (10), should be higher, 
or at least be equal to v. 

This condition 


may be expressed in an analytical form 


which, according to Equation (8), expresses that for each 
vvkl 


given y = — 
F stat 


, a certain value of the damping D is not 


Tine 


to be exceeded, if ~"°*? is to be larger than or equal to unity, 
a 

that is, if a relaxation vibration is to be maintained. How 

ever, this analytical form is rather complicated and therefore 

it has only been represented graphically in Fig. 9. 

In this figure, the maximum damping Dax, which is still 
allowable if relaxation vibrations are to be maintained, is 
given as a function of . If, for a given Y, the damping D is 
larger than Dmax, uniform sliding will occur, as the natural 
vibrations, which might have been excited intentionally, will 
die out until the vibrating member comes to rest in the 


’ 


position Transitional cases will occur, if D is exactly 


equal to Dax; then the vibrating member hovers between 
relaxation vibrations and coming to rest as, only during an 
infinitesimal time is the dragging member afforded the op 
portunity to catch the vibrating member. 

It will be seen that the two dimensionless parameters D and 
determine entirely the behavior of the vibrating member. 
If the relative motions of the dragging and of the vibrating 
member are rotatory instead of translatory, the foregoing con 
siderations also may be applied for the torsional vibrations to 
be considered, provided that the right meaning is allotted to 
each of the quantities x, x, v, J, and so on; for instance, x 
should denote the angular displacement and 7 the moment of 
inertia of the vibrating member. 

D — Discussion —It has been found that for the hypotheti 
cal case where there is a definite static frictional force and a 
constant kinetic frictional force of smaller magnitude, the 
condition expressed by Fig. 9 should be satisfied if frictional 
relaxation vibrations are to occur. This condition (Fig. 9) 
and its implications require some further discussion: 

It will be seen that only for small values of Y, a large value 
for the damping Dmax is allowable; according to the expres 


sion (9), Y will be small: at small values of the apparatus 
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conditions k and /, and of the operating condition v (drag 
ging or “nominal” sliding speed) and for large values of the 
static frictional force Frat (this force is, inter alia, dependent 
on the load!). 

Admittedly, the foregoing conclusions are not strictly ap 
plicable to characteristics of the frictional torce, which differ 
from the hypothetical one, but it is obvious that the charac 
teristic dimensionless parameters D and will also in this 
case play a large part (of course other parameters would yet 
have to be added); it would be important to determine the 
value of | and of D for each experiment concerning frictional 
vibrations. In this connection, it is significant that in Bowden 
& Leben’s experiments the value of 4% was invariably very 
small, that is, from about 10~* to 107%; actually a much 
smaller damping seems to have been applied than would be 
allowable according to Fig. 9; 


hence it is no wonder that 


relaxation vibrations occurred. 

It may be seen easily that, at increasing values of Y, the 
relaxation vibrations, which are then only possible if the 
damping is small, will resemble more and more ordinary 
harmonic (sinusoidal) vibrations (in Fig. 8, the slope of the 
lines AB will then become so steep that it approaches the 
mean slope of the curves B.1); moreover, the maximum slid 
ing speed which occurs during the receding stage, is then 
equal to only about two times the dragging speed. 

It is important to point out that the natural frequency », 


ax XN 


only quantity to be decisive; especially a high frequency alone 


of the vibrating member, which is equal to is not the 


is not essential for the occurrence of frictional vibrations. gl his 
may be seen by introducing v, in Y {see Equation (9g) |; it 
cannot be avoided that one of the two apparatus conditions, 
the rigidity k or the mass J, will also appear, namely: 


1 l k t 

Pa(dxt)xg @ 
F sta 2r Vo F., 

r ’ 

- (2x0! ) X= LZ 
F stat fk tat 


It thus may be seen that, for given v and F4:, small values 
of the parameter Y 


y vkl 


¥ VkI 


which, also in practice, are the essential 
condition (Fig. 9) for the occurrence of relaxation vibrations 


k 
. ) or 


will be obtained at small values either of ( 
») 
of (2% .v,l) (or, what always amounts to the same: of yZ7) 


aw l 


There do not seem to be many important practical cases ot 


boundary lubrication — at least where the com 


bination of a vibrating and of a dragging member is evident 
at first sight 


not in those 


in which ¥ actually attains values so low that 
relaxation vibrations might be expected; admittedly, these 
vibrations might indeed occur in cases such as brakes or auto 
mobile tires (“wavy” wear; see Zoeppritz & Huber**), but 
these cases are not representative of boundary lubrication. 

Finally it should be mentioned that there may nevertheless 
be important cases of relaxation vibrations in boundary lubri 
cation; in these cases the combination of a vibrating and ot 
a dragging member is not so evident at first sight. Let us 
consider the case of a surface 2 (see the idealized diagram, 
Fig. 10), which consists of a rigid material, sliding, that is, 
dragging, over an irregularity on a surface 1, which consists 
of a weak material (the terms “rigid” and “weak” are used 
with respect to the Young’s moduli). 


37 See 


Deutsche Kraftfahrtforschung, Heft 15, 1938, ‘“Wellenformige Reif 
enabnutzung,” by H. P. Zeoppritz and L. Huber 
*8 By means of this formula the average dimensions of the 


Surtaces ot 
actual contact on a set of mating plane surfaces might now be found from 
measurements of the small tangential displacements 
were carried out by Rankin." 

‘or rubbing surfaces not yet run in, a will 
(see Holm!) whilst, for run-ir 


These experiments 
I 


about be equal to unity 
surfaces, it will be 
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It is obvious that, owing to the frictional force, the small 
surface of actual contact will be displaced in a tangential 
direction; it is likewise obvious that it may vibrate with very 
small amplitudes (micro-vibrations). For the simple case that 
the surface of actual contact is a square (with sides 2R) and 
that the frictional force F is distributed evenly over it, it may 
be shown easily that the tangential displacement Uy of its 
center M is: 

F 


U =- A 13)* 
. {REy 


in which E,, is Young’s modulus for the “weak” surface 2 
and in which 4 is a numerical constant, which is only de 
pendent on Poisson’s ratio; an approximate working average 
oi A is unity. Accordingly the “rigidity” k, which is defined 
as the force required for a tangential displacement equal to 
unity, may be represented by: 


k = 4RE, 14 
Now it may be shown that the natural frequency can be 
represented by: 
] E 
r, B x LS 
R \ p 


in which ¢,- 1s the density of the weak material (consequently 
.\ bv is the velocity of sound in this material) and in which 
Pu 
B is a numerical constant which, unfortunately, it has so tar 
been impossible to evaluate; for small dimensions of the 
surface of actual contact (small R), the frequency might 
become supersonic. 
The value of 4 may now be evaluated by means of Equa 
tions (11) and (12), by remembering (see Equation (11) ) 


Z 1 k 
that Vk/ is identical with ( ~=alls ) and by taking for 
2n Vo . ; 


Fat the total static frictional force on the surface of actual 
contact. Calling the coefficient of static friction fsa, and taking 
the contact pressure equal to 2H, where H is the hardness of 
the softer of the two rubbing surfaces*’, as expressed in terms 
of specific pressure, it will be found that: 


F tat | ee < aH > 1R 16 
and finally: 
UV kI l k t 
. Pius ( Qn t ) Poses 
l E, i 
= 17 
aw Sa H E,, 
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Fig. 10 — Frictional micro vibrations 
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It is important that, apart from the numerical constants B 
and « which have still to be determined, the value of § de- 
pends solely on properties of the material, that is, on the 

y 

BY; oad and on the dragging 
\ Pw 

speed v (that is, the nominal sliding speed), and not, for in- 
stance, on the dimensions of the surface of actual contact. It is 
significant that, for a given value of v, large variations of will 
be found for different materials; the parameter Equation (17) 
will have an important bearing on frictional micro-vibrations 


’ 


: ; : Ee - 
dimensionless ratios . and 





and possibly, therefore, on wear phenomena. It should not be 
overlooked that, whether vibrations actually will occur, still 
depends on the internal damping (see Fig. 9); if the nominal 
sliding speed v is sufficiently high, no micro-vibrations will 
occur. 

It seems that these micro-vibrations are one of the few cases 
in which relaxation vibrations may be important under con 
ditions of boundary lubrication. A further investigation into 
these micro-vibrations, if possible supplemented by experi 
ments, might open up quite a held of 


new boundary 


lubrication research. 


Problems of Submerged Engine Installations 


BVIOUSLY, the primary object of submerged engine 

installations is to produce greater aerodynamic efficiency 
for the aircraft as a whole. The frontal area of the conven- 
tional engine nacelles is a very large part of the total frontal 
area of the airplane and, if eliminated by submerging the 
engines, improvements in the high speed and performance of 
the airplane will result. Nearly every other effect of these 
installations adversely affects the aircraft's performance, its 
maintenance, and its satisfactory operation. However, study 
seems to indicate at the present time that the final solution 
may be well worth the trouble. 

One difficulty with submerged engine installations is that 
the propeller usually cannot be mounted directly on the 
engine. The problem of transmitting power through com 
paratively long shafts, therefore, presents itself. The problems 
of combined torsional, flexural, and lineal vibrations in high- 
speed, high-power shafting with unlimited variations of mass 
distribution are well known. 

As mentioned at the outset, the advantages of making a 
submerged engine installation are almost entirely gains in 
aerodynamic performance. These gains are: increased propul- 
sive efficiency due to the lack of propeller interference with 
the nacelles; increased lift because the much smaller extension 
shafts do not blanket or prematurely stall the wing as is the 
case with the larger nacelles; the reduction of drag due to the 
elimination of the large nacelles; and the elimination of wing 
nacelle interference. 

In order to judge the worth of a submerged engine installa 
tion, it is necessary to compare the cost, weight, safety, and 
performance of this type with the conventional nacelle type 
with an air-cooled radial engine. There is no doubt that the 
cost of the submerged engine installation is considerably 
greater because its design and construction are more compli- 
cated, and its design details are more critical and, therefore, 
more engineering research and testing will be required. It is 
indicated that the weight of a submerged engine installation 
may be roughly between 50 and 75% greater than the con- 
ventional installation for the same horsepower. A comparison 
of the weight of a total powerplant of the nacelle type versus 
submerged type, including coolant oil and radiators, acces- 
sories necessary for engine and propeller operation, and the 
supporting structure directly chargeable to the powerplant, 
shows the lb per hp of the submerged engine installation to 
be approximately 2.1 against that of about 1.6 for the conven- 
tional type. In comparing the relative safety of the two types 
of engine installation, we can consider that, if a failure occurs 


in a submerged engine installation, the airplane structure 1s 
more apt to be involved than in the conventional nacelle type. 
Access to the engine in flight is only possible in very large 
aircraft, and access on the ground is inferior for the sub 
merged installation. Due to the proximity of the engine to 
the primary structure, and because of the additional support 
points necessary for the engine shaft and propeller, vibration 
of the submerged engine is more apt to affect the primary 
structure of the aircraft. Performance calculations have been 
made on two practically identical airplanes, one with sub 
merged engines and the other with conventional nacelle air 
cooled engines, and the difference in speed for the same power 
was found to be in favor of the submerged engine installation 
by approximately 7 to 8%. For some purposes we believe that 
all the difficulties attendant to making the submerged engine 
installation are worth solving in order to obtain this gain in 
speed. In any event, advance in design always entails prob 
lems, and the time, energy, and money spent to arrive at the 
proper solutions have, we believe, always been highly worth 
while. 

In summary we would like to repeat that the main prob 
lems which confront us as aircraft designers interested in 
submerged engine installations are as follows: 

t. The design of a satisfactory propeller shaft. 

2. The satisfactory and safe disposal of the exhaust gases. 

3. The overall cooling of the engine compartment, cylinder 
cooling, supercharged air cooling, lubricating-oil cooling, ac 
cessory cooling, and exhaust-disposal system cooling. 

4. The mounting of the engine. 

Although we have not indicated solutions for all these 
problems, we hope we have assisted the advancement of the 
industry by bringing these problems to light. 

We recommend that all concerned consider these problems 
seriously, and that the engine, propeller, radiator, and aircraft 
manufacturers initiate, perhaps jointly in some cases, research 
programs with the purpose of solving these problems. When 
they have been solved satisfactorily, the aircraft industry will 
be more eager to make and accept submerged engine installa- 
tions, and the aviation industry as a whole will have been 
advanced because of the resulting improvements in aircraft 
performance. 

Excerpts from the paper of the same title by Wellwood E. 
Beall, chief engineer, and G. E. Emery, Jr., chief of prelim- 
inary design unit, Boeing Aircraft Co., presented at the 
National Aircraft Production Meeting of the Society, Los 
Angeles, Calif., Oct. 6, 1939. 


SUPER FINISH— 


HIS paper presents a comprehensive discus- 

sion of the history, theory and practical appli- 
cation of Superfinish and its development at the 
Chrysler Corp. 


In the application of the process to wearing 
parts the following advantages are claimed: reduc- 
tion of friction, reduction of wear, quiet opera- 
tion, improved lubrication, increased bearing load 
capacity, and improved appearance. The author 
explains that Superfinish can be produced upon 
any shape of surface in a minimum amount of 
time. After defining the surface-finish nomencla- 
ture used in his paper, Mr. Wallace describes the 
various methods and equipment employed to 
measure it and specify it. 


The various methods of surface finishing are re- 
viewed and compared, including turned finish. 
ground finish, sandpaper finish, burnished finish. 
honed surface. lapped surface, and Superfinished 
surface. The low abrasive speed, light tool pres- 
sure. low surface temperature, “multimotion,” 
and short finishing time of Superfinish, compared 
with the other methods, are emphasized. 


The latter part of the paper deals at length with 
the metallurgy of surface finish, and the relation 
of surface finish to lubrication. Data and test re- 
sults are given to show that smooth surface aids 
lubrication. 


In conclusion, various production Superfinish- 
ing machines are described and illustrated. 


NE of the most important mechanical problems that 
every manufacturer has to answer pertains to surface 
finishes. 
Civilization Is Based on Surface Finish — We feel that mod 
ern technological civilization is based on metallic surface 
finish. You can all appreciate that, if it were not for the 
production of smooth surfaces, civilization could not be as 
advanced as it is today. 


(This paper was 


presented it the 
Society, 


National Tractor Meeting 
Milwaukee, Wis., Sept. 28, 
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By D. A. Wallace 


President, Chrysler Division, Chrysler Corp. 


In the early days there were not many available materials 
suitable for bearing surfaces but plenty of space in which to 
install a load-carrying bearing. So, if a bearing appeared to 
be overloaded, it could be made twice as large to take care of 
the load with the help of the lubrication that was at that time 
available. 

Sut today mechanical equipment must be lighter. The 
aircraft industry, the tractor industry, and our automobile 
industry needs engines having maximum horsepower per 
pound of weight. Therefore, surface finish presents a prob- 
lem of great interest to civilization. 

Specifying Surface Finish — The present universal interest 
in surface finishes will be of great benefit to the mechanical 
civilization of the future. One reason for the interest in sur 
face finish is the difficulty that we have all had in the past 
with specifying surface-finish values. 

You are all familiar with the specifications of surface finish 
as used in the engineering departments and in the shop. You 
know that engineering departments refer to finishes by the 
method of producing them, such as turning, grinding, 
honing, lapping or, at present, Superfinishing. These terms 
can be placed on a drawing and are, to a certain extent, 
informative. However, when you get out in the shop and 
begin to talk surface finish with shop men, I think you will 
agree that they have and understand only three kinds of 
finishes. These finishes can only be described in this man 
ner—a good finish; a damn good finish; and, a — 
good hnish! 


damn 


It does not matter in which shop you are. A foreman will 
instruct a workman on a lathe or grinder that, on the part 
he is finishing, he desires one of three types of finishes just 
mentioned. This may be one of the reasons why surface 
finish has been a phase of manufacturing that does not seem 
to have had the advantages of definite study and improve 
ments that other phases of engineering have experienced. 


Steel Easy To Specify 

As an example, let us say some of you want to produce a 
piston pin. Any of you can step to a telephone and call any 
steel company and tell them that you want a certain definite 
type of steel. They will immediately provide you a bar of 
steel to that exact analysis. This bar of steel can be sent to 
any reputable manufacturing concern in the country and, on 
the telephone, you can tell them to have this bar heat-treated 
to a definite specification and then machined to a definite 
size, such as 0.7505 in. in diameter and 3.2506 in. long. The 
mechanic to whom you are talking on the phone may not be 
able to read, but he can understand your language when giv 
ing him these instructions. However, before you hang up the 
receiver, he will ask: “What kind of finish do you want on 
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that pin?” and, depending upon the nomenclature used in 
your own shop you may say: “The best you have,” or “Let 
such and such a man finish it by hand, he knows what | 
want.” However, if the pin is to be finished in a shop whose 
methods are unfamiliar to you, you will have no way of 
describing the surface finish you desire. 

For the foregoing reasons and many more that you can 
probably think of, the interest in metallic surface finish 1s 
worldwide. That is why I feel that you will enjoy hearing 
about the development that we have produced and the steps 
we have taken toward changing the shop practice or “art” of 
surface finishing to the science of surface finishing. 


Beginning of Superfinish 


We call the year 1935 the beginning of Superfinish. You 
might ask why is this, and why has a corporation such as the 
Chrysler Corp. been instrumental in conceiving and develop- 
ing such a new surface finishing method as Superfinish? It 
worked out for this reason. Back in the spring of 1935, J. E. 
Fields, who was president of the Chrysler Division at that 
time, called me to his office one day and asked me if I knew 
about the brinelled condition of wheel bearings in our auto 
mobiles after shipping them to our California and other 
Western distributors. I said, “No.” He told me that I should 
know all about them, so I got the Service Department to 
send over a collection of these bearings to see what I could 
find out. 


Perhaps some of you are familiar with what is known as 


Mirror - finished  sur- 

face after shipment 

to West Coast — no 
mileage 


Brinelled wheel bear- 
ing cup after 500 
miles of operation 


Brinelled wheel bear- 

ing cup after 200 

miles of operation — 
note pick-up wear 


Fig. | — Photomicrographs of brinelled 
cone-bearing cups — 25X 








Brinell 
method of testing a metallic surface by the application of a 
known load upon a hardened ball of known diameter and 
then the measuring of the resultant depression in the mat 
rial. 


“brinelled” bearings. We all are familiar with the 


This is exactly the same action as the brinelling of 
automobile wheel bearings. 

Automobiles to be shipped to the West coast and other 
distant points would be shipped, assembled, in freight cars. 
The automobile would be strapped down and blocked up or 
partially suspended on the springs or axles. During the long 
journey the constant pounding of the freight car over the rail 
joints and the starting and stopping of the train would cause 
a slight jiggling of the automobile both back and forth and 
sideways. This action, due to the wheels and wheel bearings 
not being revolved, caused the hardened rollers to indent or 
brinell in the surface of the bearing race. 

3all bearings are also susceptible to brinelling in the same 
manner, but they cannot be taken apart so easily to discern 
the trouble. 

Results of Brinelling 
brinelled 


You might ask what difference the 
would make in automobile operation 
What trouble brinelled wheel bearings did cause was this: 


condition 


As the automobile was driven over smooth highways, there 
was a little buzzing sound noticeable to occupants in the rear 

the car. At 
operation 


seat ol But, as 


modern motor car, the 
buzzing noise made the people dissatished with an otherwise 
satisfactory product. See Figs. 1 and 2. 
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Fig. 2 — Photomicrographs of brinelled 
ball-bearing cups — 25X 
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After examining several hundred brinelled bearings, | 
thought we would try a simple hand-lapping operation to see 
if we could remove the brinell marks. This we could do very 
satisfactorily so we decided that we would hand-lap several 
sets of bearings, assemble these in automobiles, and ship these 
automobiles to California in the regular manner, sending 
along a man to observe the results upon arriving. The results 
were that this first shipment of automobiles, as well as many 
others that we made in which the hand-lapped bearings were 
assembled, arrived at the destination with no indentations 
(brinell marks) in the bearing races. Therefore, the noise 
during operation was eliminated. 

The next step was to develop a method for removing the 
“fuzz” on the bearing surface without incurring added cost. 
We built a small cross-hatching machine which moved a hard 
abrasive stone up and down on the bearing surface of the 
races while the bearing race was turning. This operation 
showed us that most of the irregular fuzzy surface could be 
removed in 10 or 15 sec, but then the machine could con- 
tinue operation minute after minute, hour after hour, but still 
would not dimensionally change the bearing race. That is, no 
more surface material would be removed. 

It was this feature, or phenomenon as it was called at that 
time, that intrigued me with this operation. The follow-up 
to determine why this condition existed became the actual 
reason for the Superfinishing program and development. 

I thought that, if the removal of this fuzz from the bearing 
surface would so help this one particular part, perhaps we 
could develop equipment for doing the same for other parts 
which had been subject to wear. 

As crankshaft main and pin bearing surfaces are among the 
most important bearing surfaces in an automobile, I decided 
that we should make up a single-spindle machine which 
would introduce an oscillating motion to a fixed abrasive 
stone, thus producing a cross-hatched type of surface upon 
the bearing rather than the annular type of surface that we 
had been accustomed to producing and using. The experi 
mental set-up is shown in Fig. 3. 

Crankshafts with bearings finished with this experimental 
equipment had such smooth-appearing bearing surfaces and 
operated so efficiently in test engines that I felt that we could 
build profitably equipment for doing a similar operation in 
production. 

I demonstrated and discussed the development of this fin 
ishing process with K. T. Keller, president of the Chrysler 
Corp. Mr. Keller saw the great possibilities which the finish- 
ing of bearing surfaces by such a method would have upon 
the quality of Chrysler products. He at once authorized the 
expenditures of sufficient money to test thoroughly the possi- 
bilities of this type of finish not only through the use of 
experimental equipment but also by the actual designing and 
building of production machines. To Mr. Keller goes a tre 
mendous amount of credit for his ability to see the wide scope 
that could be developed through the improvement of all so- 
called wearing surfaces by the application of this new finish- 
ing principle. 

Some will ask: “Why did we call this method Superfin 
ish?” Well, as a good illustration, I wanted to call it Super 
finish because, if you have something different, it must be 
named differeatly. As an example, if you have several boys, 
you couldn’t get any work out of them unless each has a 
name by which to be called. Likewise, if you don’t have a 
name for a finish, you have no way of identifying it. 

Importance of Surface Finish —In describing all types of 
finishes in order to lead up to Superfinish I might mention 
that the importance of surface finish in the mechanical world 
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Fig. 3 - Experimental set-up on single-spindle machine to finish 
crankshaft main and pin-bearing surfaces by means of an 
oscillating abrasive stone 


can be described best by the following selt-explanatory state 
ments applicable to the results of surtace finish: 

Surface finish: 

1. Reduces friction. 

2. Reduces or eliminates wear. 

3. Permits quiet operation. 

4. Insures sufficient lubrication. 


5. Increases bearing load capacity. 


~ 


. Improves appearance. 

Superfinishing technique enables the maximum use to b 
achieved trom each of the foregoing important reasons for 
surtace finishes. This is because Superfinish can be produced 
upon any shape of surface whether round, flat, concave, con 
vex, and, within reason, regardless of size. Also, it is because 
Superfinishing technique allows the finest surfaces to be pro 
duced from any type of previously machined surface, such as 
by turning, grinding, honing, lapping, and so on. This sur 
face will be produced in a minimum amount of time — in fact, 
at such low machining time that no other method of pro 
ducing any type of fine surface has near the commercial possi 
bilities of Superfinish. 

Heretofore, surface finish always has been made simultane 
ously with the dimensioning of the part. Such surfaces are 
composed of fragmented or non-crystalline material. Super 
finishing technique has refined these surfaces to the closest 
approach to a geometrically true and unworked crystalline 
surface that has ever been produced commercially. 

How Superfinishing accomplishes this, how the resulting 
surfaces are measured, the metallurgy of surface finish, and 
the lubrication of bearing surfaces will now be discussed. 


Nomenclature of Surface Finish 


During our development of Superfinish, we had occasion 
to talk with many mechanics and others in manufacturing 
and educational work. We found that the nomenclature as 
used by different people varied, depending upon their train- 
ing and the locality in which they learned their trade. There 
fore, as we had many items to clarify, we developed among 
ourselves a definite surface-finish nomenclature which could 
be used intelligently during chalk talks or by sketching. We 
used these terms in talking with many visitors who came to 
see the Superfinishing set-up, and, in that way, developed 
these terms to their present degree of clarity and usage. 

During the past two years we have had the opportunity of 
showing Superfinish to more than 5000 individuals who are 
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Fig. 4— Definition of scratch pitch and depth. Note: Scratch 
pitch is the distance from peak to peak; scratch depth is the 
distance from peak to valley 


the leading men in their respective factories and communities. 
All of these men have listened to the story of Superfinish, 
inspected the production Superfinishing equipment, and have 
noted the results of the operations. Since the surface-finish 
nomenclature helped us in describing surface finishes to these 
men, I would like to outline it to you. 

Scratch Pitch and Depth—The terms pitch and depth 
when referring to machined surfaces mean the depth of the 
scratches and the distance of the scratch peaks or protrusions 
from one peak to another. See Fig. 4. It is acknowledged 
that, in many machining operations, some surfaces are pro- 
duced in which the scratch pitch is several hundred times 
the scratch height. This would be analogous to telegraph 
poles several hundred feet apart, between which a cable was 
stretched and, if this cable sagged a foot, it would be difficult 
to describe this condition by sketches. That is the reason why 
diagrams of surface finishes must be drawn condensed. 

However, it is interesting to note that this condition holds 
true only in the finer types of surfaces as there are many 
turned surfaces and ground surfaces that have the scratch 
depth and scratch pitch very nearly identical. We have dis- 
covered this by the use of profile photomicrographs which 
will be described later. So we describe scratch pitch as the 
distance from peak to peak, and the scratch depth as the 
distance from peak to valley of the major irregularities in a 
surface. 

Coolant — (Lubricant) — Some machining operations use a 
fluid as a coolant and some as a lubricant, or a combination 
of both. 

During the Superfinishing process the speed and pressures 
are so low that not enough heat is generated to require the 
use of a fluid as a coolant. Therefore, the fluid we use as a 
lubricant performs the double duty of washing away defec- 
tive material which has been scrubbed from the surface and 


provides a uniform support for the abrasive stone while the 
Superfinishing process is in operation. 

Abrasive Pressure— By abrasive pressure is meant the 
amount of pressure exerted upon the abrasive to produce the 
required surface —that means with 2 sq in. of stone, and 
10 lb total pressure, the unit pressure would be 5 lb per sq in. 


Multimotion — Multimotion describes the varying speeds 
and directions of an abrasive material necessary to develop 
geometrical trueness as the tiny abrasive grains in the stone 
pass back and forth over a given area to produce a surface. 
In multimotion, the particles of abrasive never follow the 
same path twice and keep alternately reversing direction for 
unloading purposes, as shown in Fig. 5. 

Crystalline Metal — Crystalline metal is that metallurgical 
structure in which the crystal has not been disturbed from its 
initial formation. Fig. 6 gives an example. We have found 
interesting things about this structure and will give you a 
résumé of them later. 

Surface Ductility — Surface ductility is the softening of the 
metal due to heat produced by pressure and speed. We be 
lieve that the surface of a material has a real body, has dimen 
sions, thickness, and size. Think of a part you might pick 
up, such as a wristpin, and you say that that is a certain 
material. You thought it was the same all through. But, we 
find that, right on the outer edge, there is a surface that is 
different from any of the other parts of the material. When 
analyzed, that surface takes all the wear and supports the 
load. The other parts of the material just support that sur 
face. The surface may be only a few millionths of an inch 
thick, but tremendously affects the operation of the part. 

Fragmented Metal — Fragmented metal has no definite 
We surfaces which had 
been turned or ground, or machined by any methods which 
involved excessive heat or pressure, that the outer surface was 
different from the inner portion. We know that most com 
mercial metals are of crystalline structure. Therefore, we will 
define crystalline material having crystals and crystalline 
layers, and other material as fragmented. The outer layer 
the bearing area portion of the surface available for load 
carrying —is primarily fragmented material when the part 
is machined by 
methods. 


crystalline structure. found with 


ordinary dimension-producing machining 


Bearing Area — The bearing area of a surface is the amount 
of surface available for carrying the load. 
such as that of a threaded shaft in which the top of the 
threads were used as the bearing area, the bearing surface 
would be very small. 


In an extreme case, 


However, the 


surface of the shaft 





Fig. 5—This photomicrograph at 

25X shows that with "multimotion™ 

the particles of abrasive never fol- 
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Fig. 6-—This profile photomicrograph of Fi 
Superfinish at 750X illustrates the crystal- 
line structure 
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before being threaded would provide a bearing area many 
times greater. 

With finer surfaces, it is found that the same analogy as to 
relative amount of bearing area will hold true. 

Surface Quality— By surface quality is meant the metal 
lurgical as well as the dimensional condition of the surface. 
A surface of unworked crystalline structure which is geo 
metrically true and has been dressed free of fragmented, 
defective material would have a surface quality that was very 
high compared with that of any other type of surface by any 
known method of testing. 


Measurement of Surface Finish 


How is a Surface Finish Specified? — Specifying surface 
finish has always been a problem. Even now it is difficult to 
find two men in the same shop, much less in two shops 
located in distant cities, who will agree in specifying a sur 
face finish. 

On engineering drawings it can be specified that a turned 
finish, a ground finish, a honed finish, a burnished, broached, 
lapped, or polished finish, is that finish desired. But, after 
leaving the designing rooms, the type of surface finish to be 
produced is left to the individual mechanics. Even though 
specified, as just mentioned, it must be kept in mind that 
each of these methods of producing a surface produces a 
great variety of surfaces within that specified method. 

How is a Surface Finish Measured? — Here again is a ques- 
tion that all engineers must recognize. No attempt will be 
made here to describe in detail the various methods at the 
present time in use since many technical articles have been 
published both in this Country and abroad. Anyone inter 
ested is referred to the literature. However, some of the 
better-known methods will be listed and brief comment made 
here upon them: 

Touch — By feeling the surface with the fingernail, a coin, 
or some sharp edge held in the hand. 

Visual — By looking at the surface on a part with the naked 
eye and comparing it with the surface on a part which has a 
suitable finish. 

Microscopic — By viewing a surface through a microscope 
of around 25 magnification. This magnification, or even less, 
is sufficient to see plainly surface defects, while at the same 
time allowing a large enough area to be explored so that a 
good check-up of the surface can be obtained. 

Photomicrograph — This is a continuation of the micro 
scopic method in that a photograph through a microscope is 
made of the surface. For a plan view of the surface, a mag- 
nification of 25 diameters is sufficient. See Fig. 7. 

Photomicrograph of Profile — For a profile view it is prefer- 
able to use a magnification of around 750 diameters. This 
method of photographing profiles is an art. When the sample 
of a fine finish is prepared and photographed, this method 
proves to be one of the most satisfactory now available. Fig. 8 
shows the camera set-up. A stepped series of profile photo- 
micrographs is shown in Fig. 9. The method of obtaining 
these profile photomicrographs is in itself a fine technique 
and one developed by our metallurgist. To show the defects 
in their true form it is necessary to back up the surface or 
finishing defects with some material that will allow metallo- 
gtaphic polishing without mutilating the finishing defects or 
irregularities. On a piece to be profiled the direction of 
annular marks are noted first, then a nickel plate is applied 
taking particular care that no cleaner or acid is used that will 
attack the metal. The piece is then sectioned across the base 
finishing lines, mounted in bakelite, sectioned and polished, 
then given a light etch to bring out the grain structure, and 
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photographed, usually at a magnification of 750 diameters, as 
shown in Fig. ro. 

Prohlograph—A graph of the profile is reproduced by 
exploring the surface with a fine-pointed needle and photo- 
graphing the resulting movements of the needle, as shown in 
Fig. 11. This method is essentially for laboratory use only, 
as expensive equipment is required, set up in a special room 


CAMERA 


Fig. 8— Camera set- 
up for photographing 
finish profiles 





and with a trained operator making the observations. The 
time required for each observation is quite long, and the area 
of surface checked is very small. The pictured result also 
must be explained carefully and studied as heights of the 
vertical lines are of different scale than the horizontal length 
of profile pictured. 

Profilometer — Here is an instrument, shown in Figs. 12 
and 13, which partially utilizes some of the profilograph’s 
principles. The pointed needle is relatively coarse and, there- 
fore, does not drop into each tiny defect in the surface. The 
needle does penetrate deep enough to give what approximates 
an average reading of scratch depths. It does not, however, 
give any indication of either the pitch (width) or the quan- 
tity (number) of defects. The equipment is portable and we 
have found it very useful for shop practices. For the most 
accurate comparisons, readings of the profilometer should be 
compared only for surfaces produced in the same manner, 
such as comparing two turned surfaces, two ground surfaces, 
or two Superfinished surfaces. 

Miscellaneous — Under this heading are listed various lab- 
oratory methods and some proposed or experimental methods. 
These include: 

1. The distribution of intensity of reflected light at various 
angles. 

2. The interference of light (method of Newton’s rings). 

3. Method of X-ray diffraction. 

4. Method of electron diffraction, 
and several others, none of which appears at the present time 
to have more than laboratory significance. 
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Fig. 9 — Profile photomicrographs of surface of SAE 1095 steel 
at 750X 


A, ground surface, 30-35 micro-in 

B, 5-sec Superfinish, 15-20 micro-in. 
C, 10-sec Superfinish, 8-10 micro-in. 
D, 20-sec Superfinish, 5-6 micro-in. 


E, complete Superfinish, 0.9-1.2 micro-in. 


From the foregoing can be seen that there are several 
methods for measuring or specifying surface smoothness, yet 
none of them is “foolproof” — that is, none can be used uni- 
versally and understood universally by fellow engineers and 
all machine shops. The measurement of surface quality is 
still a wide-open field and, at the present time, the trend is 
not indicated. 


Methods of Surface Finishing 


To describe Superfinish properly, and to show in detail how 
Superfinish technique differs in methods and results from 
other surface-finishing processes and that the resulting surface 
produced is preferable, requires that a thorough study be 
made of the various types of surface finish which heretofore 
have been used for producing dimension as well as surface 
simultaneously. 

The major machining methods will be described in the fol 
lowing order — turning, grinding, honing, and lapping, as the 
degree of surface smoothness usually is thought of in that 
order. 

Turned Finish — The story of finish appears to have started, 
in so far as industry is concerned, by turning cylindrical sur- 
faces in a lathe with a single-point tool. The earliest-known 
commercial application of the turning principle was a screw 
cutting lathe made mostly from wood and hand driven by a 
rope. This lathe was built in 1570 by the French and was 
used for wood turning only. 

Turning differs nowadays from those early operations only 
in the refinement of the process, that is, heavier, more rigid 
machines which allow higher turning speeds due to the im 
provement in cutting tool materials. 

\s shown in Fig. 14, as the work revolves the tool point 
removes the chip while it is being traversed along the work. 

Experiments have shown that the material removed from 
metallic surfaces is not cut or sliced trom the surface but is 
wedged and torn. The resulting severe molecular disturbance 
of the material and the pressure of the chip sliding along the 
top of the tool results in tremendous heat. Not all of this 
heat is carried away by the chip or by the coolant as some of 
it affects the outer layer of the part being turned. 

This heat on the extreme outer layer of the surface decom 
poses the surface material, producing a fragmented condition 
that might also be termed non-crystalline as the crystals of 
which the metal is composed have been destroyed or frag 
mented. 

The unit pressure on the tool point is very high. It has 
been experimentally tested in times past by various research 
men. F. W. Taylor has produced and measured pressures of 
over 200 tons per sq in. on the point of a turning tool. 

From the tool standpoint, turning has progressed in four 
major stages. With the old carbon steel, turning was accom- 
plished at speeds of around 20 fpm. At around the year 
1goo, the use of high-speed steel and advantages gained by 
newly developed methods of heat-treatment allowed turning 
operations with speeds up to 75 fpm. Later, around 1915, the 
introduction of non-ferrous alloys containing cobalt, chro- 
mium, or tungsten permitted turning speed in some opera- 
tions up to 200 fpm. Around 1928, the cemented tungsten 
carbides and cemented tantalum carbides began to be used 
for production purposes. These materials, which are a 
molded sintered material of a hardness next to that of dia- 
monds, allowed turning speeds up to 500 fpm. 

This development in turning tools has not been only be- 
cause the tools have become harder but also because the tools 
would stand the higher temperatures developed by the greater 
speeds and pressures. The temperatures to which turning 
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tools will operate before failure sometimes run over 2000 F, 
and the action of this heat upon the outer layer of the mate- 
rial of the part being turned will be extremely severe. 

This action results in a fragmented surface being produced 
in which the scratch pitch and scratch depth are large and 
usually very irregular. These qualities of a turned surface 
can be noted in any photomicrograph of the surface (Fig. 
15), or a photomicrograph of the profile (Fig. 16). 

A turned finish is produced geometrically by a point mov 
ing forward as the work revolves. This point makes annular 
scratches around the surface of the work due to the two 
motions — one, the work rotating; and the other, the travers 
ing of the tool point. 

In present-day commercial use a turned surface is undesir 
able for a bearing surface carrying heavy bearing loads in 
which a lubricating oil is used. In some installations where 
the size of the bearing is of not much consequence and the 
operation is relatively light and at slow speeds, turned sur 


faces might be used satisfactorily for bearing surfaces, pro 
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Fig. 10 — Haislip's method of preparing a surface for a profile 


view 


vided a method of lubrication by grease rather than oil is 
used. Heavy lubrication is necessary to prevent metal-to-metal 
contact with the resulting wear and abrasion that a rough 
surtace would allow. 

Ground Surface — Years ago work that had been produced 
in the tool room for the use of jigs or fixtures would be 
hardened after rough machining so as to produce a surface 
that did not wear and would not change dimensionally dur 
ing use. The machining of this material after hardening was 
a considerable problem. It was at this time that the opera 
tion of grinding became of great value because, only by 
grinding, could the hardened surfaces be changed dimen 
sionally and/or made smoother. Grinding developed rapidly 
until it was used commercially for the manufacture of inter 
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Fig. || —Profilograph—the surface is explored with a fine- 
pointed needle and the resulting movements of the needle are 
photographed as shown 


changeable parts requiring surfaces that were load-carrying 
or bearing surtaces. 

To the abrasive manufacturers who produce the various 
types of bonded synthetic abrasive wheels should go a lot of 
credit for helping develop a method of producing better sur 
faces which have been a tremendous benefit to all industry. 

Grinding can be performed as either a coarse rough-grind 
ing operation or a fine finishing operation. In general, there 
is not a great deal of difference between the surfaces produced 
by an accurately dressed coarse wheel and an accurately 
dressed finished wheel. The depth of scratches is nearly the 
same, but the width or pitch of the scratch becomes much 
greater as a result of grinding with a coarse-grit wheel than 
with a finer-grit wheel, as shown in Fig. 17. 

In grinding, somewhat similar conditions to turning are 
encountered. Instead of producing a surface by a point mov 
ing forward as in turning, grinding is produced by a line 
moving forward. This line, however, is made up of many 
little grits which are in effect tiny single-point tools that are 
going to jerk the crystals of the material from the surface of 
the work and produce a surface, in many respects, similar to 
a turned surface. 

To force the multitude of tiny single-point tools into the 
surface of the work in order to remove material requires a 
tremendous pressure upon the line-to-line contact. 

The pressure and speed necessary in grinding produce sur 
face temperatures which are very high. These temperatures 
will range over 2000 F and, at times, even reach the melting 
point of the metal, as shown by the white heat of the sparks. 

A simple analysis of horsepower used in grinding process 
indicates the source of the heat energy resulting in this sur 
face temperature. 

Consider, for example, a certain grinder using a total of 
20 hp during a grinding operation. About 5 hp is used to 
run the machine. The remaining 15 hp is converted into heat 
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Fig. 14-—In turning, as the work revolves, the tool point re- 
moves the chip while it is being traversed along the work 


energy which is divided between the coolant and the work 
with only a slight amount going into the grinding wheel. 
Most important of all, the entire 15 hp is converted into heat 
energy in the small line contact of the wheel to the work. 
When it is kept in mind that this absorption of heat is almost 


Fig. 15 Photomicro- 
graph of a plan view of 
a coarse-feed turned 
surface at 25X — Marine 
gear, internal 





entirely into a few molecular layers which constitute the sur 
face of the work, then the effect of this tremendous tem 
perature can well be imagined. 

Photomicrographs of ground surfaces show a surface with 
characteristics very similar to those of turned surfaces. The 
scratch pitch and scratch depth are, of course, usually less 
than those in a commercially turned surface. See Figs. 18 
and 19. 

By photomicrographs of the profile the fragmented, irreg 
ular surface produced by grinding can be checked caretully. 

Ground surfaces usually contain less fragmented and more 
smear metal than turned surfaces. Smear metal is produced 
in grinding by the pressure, heat and rolling action of the 
grinding wheel, simulating a burnishing operation. Smear 
metal has been likened to metallic paint in that the surface 
subjected to pressure and heat is rendered ductile and can be 
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Fig. 17 — Grinding operation — Although the depth of scratches 

is nearly the same, the width or pitch of the scratch becomes 

greater with a coarse-grit wheel than with a finer-grit wheel 
as shown at the left 


smeared over the surface, down into the valleys and covering, 
to a certain extent, the irregular peaks. 

An example of a smear-metal surface is that produced by 
methods of grinding in which the grinding wheel is sta 
tionary, or nearly stationary. The wheel is forced into the 
work that is being rotated, thus smearing or burnishing the 
outer layers of material. Such a finish not 
acceptable today for installations requiring maximum bearing 


smear-metal is 
qualities, such as resistance to heat, pressure, corrosion, while 
at the same time providing a surface which has oiliness char 
acteristics so necessary tor protective lubrication at high speed. 

Sandpaper Finish— Because of the sharp peaks of frag 
mented metal produced by any type of grinding, industry has 
in the past tried to find a way commercially to smooth a 
ground surtace so that oil-flm rupture and subsequent metal 
to-metal contact would be lessened. 

One way of doing this commercially was by the use of an 
abrasive paper. This been used 


abrasive has 


pape r 


most 


Fig. 18—Plan view of 

ground surface of cam- 

shaft — Photomicro- 
graph at 25X 





widely in crankshatt work, as it was here that the surtace 
roughness produced by grinding had the most serious conse 
quences after’the crankshaft was put in service. 

We have found this out about sandpaper finishes: The use 
of abrasive paper produces a surface which has a very fine 
appearance to the eye of the inspector, but that is about its 
only advantage, if such could be called an advantage. The 





Fig. 16— Photomicrograph of a profile view of a fine-feed 
turned surface at 750X 


Fig. 19- Grind profile —- Photomicrograph at 750X 
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reason for this is, a surface that is ground has annular 
scratches or marks around the surface and, when these marks 
are polished by abrasive paper, the relatively loose abrasive 
from or on the paper is going to continue around and around 
forming a slush between the paper and the work. This action 
is going to smooth slightly some of the sharp peaks, but its 
main effect is to polish the sides of the annual marks on the 
surface so that to the eye the surface reflects a great amount 
of light and looks exceptionally bright. The roughness of 
this surface is exposed by photomicrographs and by profilom 
eter readings. Profilometer readings on a sandpapered sur 
face are not a true indication of the bearing area available, as 
the profilometer will not give an indication of the number of 
scratches on the surface, but only of the “average” scratch 
depth. Fig. 20 shows a photomicrograph of a sandpapered 
surface. 


Fig. 20 — Photomicro- 

graph of the sand- 

papered surface of a 
crankshaft at 25X 





During the early development of Superfinishing machines, 


we had occasion to check very carefully the differences be 
tween sandpapered surfaces and Superfinished surfaces which, 
in some cases, might have the same profilometer readings. 
For this check, we developed one method that is really high 
grade for checking surfaces of these types. Any crankshaft 
surface to be checked for surface roughness (sharp peaks 
above the load-carrying bearing surface) can be done by util 
izing the babbitt bearing that is to be used against this 
crankshaft bearing surface in operation. Carefully wipe the 
crankshaft and the babbitt bearing free of any oil and see 
that the relatively soft babbitt lining of the bearing has not 
been in any way scratched or mutilated. Then, by taking this 
bearing in the hand and holding it to the surface on the 
crankshaft for which it was designed, exert a slight pressure 
on the bearing at the same time moving it back and forth 
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Fig. 2! - Outside diameters can be burnished by the application of hardened rollers, 
and inside diameters by forcing through a hard steel ball as shown 
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15 or 20 times. Then look at the babbitt surface and see the 
result. 

If this test is made upon any surface other than a super 
finished surface, there will be pronounced scratches in the 
babbitt bearing area. This is because the scratches from a 
ground or sandpapered surface are above or make up the 
bearing area, and thus will scratch or score any softer mating 
surface. 

In a superfinished surface, scratches, if any, will be few 
in number and will be below the bearing surface where they 
cannot possibly scratch or score any softer material rubbed 
against them. I do not believe you can think of a more 
severe test for a bearing surface than this one just described, 
and yet, at the same time, one that will give a better indi 
cation as to the quality of a bearing surface. 

Burnished Surface — A burnished surface is a type of sur 
face that has been used mainly in railroad shops on car axles 
before pressing on the wheels or for bearing surfaces. Of 
necessity, burnishing requires a tremendous pressure because 
the rough surface material that is being burnished must be 
plasticized by sufficient speed and pressure, which produce 
heat, forcing and flowing the fragmented surface material. 
This operation can be produced on outside diameters by the 
application of a hardened steel surface or by hardened rollers. 

Inside diameters can be burnished by rollers, or in the case 
of small holes, by the forcing through of a hard steel ball. 
See Fig. 21. 

A burnished surface has a bright appearance but may be 
wavy and inaccurate. It is suitable for pressed fits because 
the more or less porous surface will allow enough shear or 
detormation of the material to provide the possibility of 
pressed fits. For heavy-duty bearing surfaces, burnished sur 
faces are not particularly desirable as they are dimensionally 
inaccurate and their porosity will allow the surface material 
to flake off in use. See Fig. 22. 

Honed Surface — A type of surface-finishing method which 
has been developed for cylindrical-bore work is called honing. 
Honing is a development dating from around the year 1920, 
at which time the production requirements for automobile 
engine cylinders increased to such an extent that the internal 
grinding methods used at that time did not appear to be of 
sufficient capacity to keep up with the demand. This con- 
dition, coupled with the growing tendency for engineers to 
specify smoother surface finishes, has resulted in the develop 
ment of the honing process to that which it is today. 

The honing operation, instead of producing surface finish 
by a point moving forward as in turning, or a line moving 
forward as in grinding, produces surfaces by a surface mov 
ing forward. This surface is made up of a multiplicity of 
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Fig. 22 — Photomicrograph of 
burnish finish at 25X 
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DEPTH OF SCRATCH 


Fig. 23 — Honing set-up and scratch pattern 


fine single-point abrasives bonded into sticks of relatively 
small surface area. Several of these sticks, each approximately 
half the length of the bore to be honed, are spaced circum- 
ferentially around the inside bore surface as shown in Fig. 23. 
This assembly of the sticks and holders is rotated around the 
bore, at the same time being oscillated up and down through 
the bore. It is here that honing differs from turning and 
grinding, inasmuch as an added motion has been introduced. 
Honing is the first commercial finishing method in which a 
difference in movement of the tool has been observed. These 
three motions produce a cross-hatch scratch pattern in the 
surface and, in the developing of this pattern, a large per- 
centage of the surface defects previously produced by the 
preliminary grinding operation or boring operation can be 
removed. 

Honed finishes are produced at speeds relatively low com- 
pared with grinding, being around 300 to 1200 fpm. Due to 
the large surface area of the honing sticks, the unit pressure 
is lighter than that used in grinding; yet the pressure and 
speed are sufficient to develop considerable heat, and this 
heat, of course, is conducive to producing a smear-metal sur- 
face. 


In our study of the honing method of finishing bores, we 


Fig. 24 — Photomicro- 
graph of plan view of 
surface — 25X 





have found this item of considerable benefit. The finer sur- 
faces produced by honing brought to light metallurgical con- 
ditions produced by previous machining operations. See plan 
and profile, Figs. 24 and 25. 

In the rough-boring operation, if a tool is dull and gouging 
out the material, the severe strains caused by the pressure, 
speed, and heat distort the crystalline material to such a 
depth that subsequent operations will not remove the defec- 
tive metal, regardless of how smooth the surface might appear. 

Lapped Surface —- Lapping is a hand method of removing 
material in very small amounts by the use of a loose abrasive 
rather than a fixed abrasive. This loose abrasive may be 


mixed with oil or grease, and sometimes charged into or 
held by a relatively soft material such as cast-iron, brass, 
leather, or wood. In either event, the abrasive is free to roll 
around and thus produce a finish. Furthermore, the piece 
being lapped itself becomes charged with abrasive. This abra- 
sive cannot be removed by any ordinary cleaning method, but 
only by chemical etching. See Fig. 26. 

The lapping method of producing surtaces is one that has 
no commercial possibilities in that the element of skilled 
labor is a major factor in the production of a good lapped 
surface, and also the length of time required to lap a part 
properly would make the cost of any production item pro- 
hibitive. 

Lapped surfaces, however, are very smooth surfaces inas- 
much as they are produced at a relatively slow speed, low 
pressure, and varying degrees of multimotion, depending upon 
the technique of the operator. See Figs. 27 and 28. 

Superfinished Surface — After the previous description of 


methods of surface finishing, it is now easy to describe Super 





Fig. 25 — Photomicrograph of profile view of surface — 750X 


finishing, and to show how Superfinish technique is a refined 
method of producing surfaces, differing both in process and 
results from all other types of machined surface finishes. 

1. Bonded Tool — The that is 
bonded abrasive in which the relatively coarse grits are em 


Abrasive tool used is a 


bedded firmly. Because of this, only the cutting points of 
the grits are available to remove material from the surface 
being superfinished. The abrasive blocks are always of such 
surface area that, once an abrasive grit has done its bit of 
cutting, it is washed away and does not remain between the 
stone and the work, thus continually producing additional 
scratches. These blocks are made up in the sizes best adapted 
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Fig. 26 — Lapping operation and scratch pattern 
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to the work and can be large or small, rectangular, square, 
curved, cupped, in fact, any shape necessary to fit the job. STONE 

2. Multimotion — By multimotion is meant the action of the HOLDER 
grits against the surface of the work being Superfinished. 


STONE 








NO DEFINITE PITCH 


Fig. 27 — Plan view of 
lapped surface — 25X 





Multimotion results trom the combination of motions im 
parted to the work and to the stone. These motions vary in 
different jobs but essentially are made up of the following: 

The abrasive block oscillates a small amount, generally 1/16 
in., at speeds of around 1000 rpm, or 2000 strokes per min. 
That this is slow abrasive speed can be calculated easily from 
the fact that a %-in. motion at 1000 rpm would be about 
10 surface fpm; as the 1/16-in. motion over and back makes 


yy, in., there would be 96 of these motions required to move 


the abrasive 1 ft. 

The bonded abrasive is pressed against the work to bx 
Superfinished and the work is rotated as shown at the top in 
Fig. 29. The multimotion, in some installations, can be ex 
tended to the rotation of the work; that is, the piece can be 
started at few rpm and then gradually speeded up, either 
continually or in steps, until more rpm are obtained. 

An additional motion can be imparted to the entire stone 
holder by traversing the stone holder and _ its 
mechanism. 


oscillation 





For flat work, multimotion is obtained by setting the rotat 
ing work-holding fixture in a rotating eccentric sleeve so that 


the rotating motion also will be eccentric. By similar design, 





Fig. 29 — Superfinishing 


the stone holder is given an eccentric motion while, at the 
same time, the stone itself oscillates back and forth. 

On flat surfaces, to impart the geometrical action necessary 
to produce optical flatness, the entire head which holds the 
spindle and the operating mechanism should be moved back 
and forth, both sides of the centerline of work. With these 
motions in operation on the flat work, when the work passes 
the centerline, the relative motions of the abrasive grit will 
be reversed automatically. 





3- Abrasive Pressure—As noted previously, turned or 


ground surfaces are made up of peaks and projections above 


Fig. 28 — Profile view of lapped surface 
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the surface. This condition is helpful to Superfinishing since 
a small force on the stone represents a large pressure on the 
relatively minute areas of actual contact. This allows sufh- 
cient pressure for the abrasive grits to cut very rapidly. 

This is one reason why Superfinishing allows relatively 
rough work to be Superfinished in the same length of time 
as work which has been prepared with a smoother surface. 

Also for this reason Superfinishing stones never require 
dressing except in exceptional cases. Following the cycle of 
the Superfinishing process after the surface has been smoothed, 
the Superfinishing stone, as might be expected, is glazed and 
loaded. This does not occur until the surface is Superfinished 
to the desired degree of smoothness. The Superfinished part 
then is removed from the machine, and the next part is 
loaded in place. If this next part has a surface relatively 
rough, the first action of the loaded stone when it touches 
the work is to oscillate back and forth across the sharp peaks 
of the rough surface and, therefore, in the first second of the 
Superfinishing operation the stone has dressed itself auto- 
matically. 

4. Abrasive Speed — The slow abrasive speed of the block 
oscillating back and forth at around 10 to 50 fpm must be 
added to the rotation of the work. The material, the prepara- 
tory surface, and the Superfinished surface desired will deter 
mine the rpm of the work. This speed, at all times, is rela 
tively low compared with surface finishing by other methods. 

5- Lubricant — In all machining operations a fluid has been 
used as a coolant to carry away the heat from the tool, chip, 
and the work. In Superfinishing, as there is not sufficient 
pressure and speed to develop heat, the use of a fluid as a 
coolant is not necessary. ° 

In any chip-forming machining operation, a fluid must be 
used to wash away the chips. Superfinishing does not differ 
from these operations in this respect as there must be a flow 
of fluid to wash away the minute chips produced, as well as 
the worn-off bits of abrasive. 

The fluid used in Superfinishing is not termed a coolant 
because of the foregoing reasons, but is termed a lubricant 
for the following reason: There comes a time at the end of 
a Superfinishing cycle in which the work surface has become 
smooth and, at this same time, the glazed, bonded abrasive 
surface also has become smooth. At this period the fluid has 
sufficient viscosity actually to balance the pressures between 
the work and the abrasive, thus acting as does a lubricant 
between journal bearing surfaces. 

It is for this reason that Superfinishing is a controlled oper 
ation. With a definite set of conditions the Superfinishing 
process will come to a stop and, regardless of how much 
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longer the operation is performed, no additional change in 
the work-surface characteristics will be made. 

6. Speed of Operation— The rapidity with which Super 
finished surfaces can be produced is shown clearly by the fact 
that no production Superfinishing operation in any of the 
Chrysler plants requires over 50 sec Superfinishing time. 
Where the production warrants, the operation of the ma 
chines will produce well over 1000 parts per hr by use of 
multiple fixtures. 

Thus, not only does Superfinish produce a surface that 
cannot be duplicated by any other method of machining, but 
it also produces these surfaces at commercial rates of speed. 

This is one important feature of Superfinish. It is a high 
speed commercial method of producing the finest surfaces. 
Modern industry has no place for trick methods. 

Summary —From the foregoing analysis of the Superfin 
ishing process we have shown that practically every feature 
that other surface finishing methods have, is directly reversed 
in the Superfinishing process. That this is so is shown in the 
following table: 


Conventional Surfaces 


Superfinished Surfac: 


High abrasive speed Low abrasive speed 


Tons of tool pressure 
High surface temperaturé 
Use of coolant 


Pounds of tool pressure 
Low surface temperature 
Use of lubricant 


Two or three motions 
Minutes of time 


Multimotion 
Seconds of time 


Results: 


Scratches below surface 
Crystalline metal surface 
Surfaces cannot wear 


Scratches above surfacc 
Fragmented or smear metal 
Surfaces can wear 

Thick film lubrication 

High friction (lubricated surfaces) 


Thinner film lubrication 


Low friction (lubricated surfaces 


A graphic illustration of Superfinishing and how it removes 
the fragmented material from surfaces produced by conven 
tional methods is similar to the scraping of snow from a lake 
or smooth ice, as shown in Fig. 30. The snow upon this ice 
will prevent the efficient carrying of heavy loads, such as the 
application of skates to snow while, if the snow is scraped 
from the ice, the crystalline surface of the ice will provide a 
fine surface for the skate. 


Surface-Finish Metallurgy 


Early in the year 1938, the art of Superfinishing was well 
under way, inasmuch as a large number of machines for 
Superfinishing all types of surface and parts, such as valve 














Fig. 30 —- The removal of the fragmented material from steel surfaces by Superfinishing (right) is compared with the scraping of 
snow from a block of ice (left) 
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stems, piston pins, pistons, crankshatts, clutches, and for a 
variety of materials had been built, were operating satisfac- 
torily, and were producing commercially improved surface 
finishes over any we had been able to get previous to this 
time. We, therefore, began to investigate why Superfinished 
surfaces were different from those produced by any other 
available machining method. This period might be termed 
the transition point between the art and the science of surface 
finish. 

At outlined previously, Superfinishing operations remove 
such a small amount of material, generally only 0.0001 to 
0.0002 in., that it did not seem possible that a material as well 
as the dimensional change was produced. Yet, when the 
Superfinishing operation would cease so that no more mate- 
rial or no dimensional change would then be made, we began 
to consider whether this minute amount of material which 
had been removed was or was not of different structure than 
the main body of the part. 

This was the first inkling, as far as we knew, that anyone 
had associated the metallurgical condition of surfaces with 
commercial machine work. In the laboratory we had been 
accustomed to producing fine surfaces in order that etching 
would reveal the grain boundaries of crystalline material, but 
the transition from the type of surface produced in the labo- 
ratory and the type of surface produced commercially to our 
knowledge had not been made. 

The subject of metallurgy has tremendous scope. As a 
science, it can be said to have started on a scientific basis for 
industry around the year 1878, when Sorby published some 
of his notes describing the microscopic structure of iron. 
Later the laws which govern metallurgy were elaborated on 
by Tschernoff, supplemented in 1885 by Brinell’s laws, and a 
few years later by Osmond, who investigated the influence 
which thermo-treatment and the foreign elements have on 
iron. 

In this paper no attempt possibly could be made to describe 
a complete survey of metallurgical science as private investi 
gators, steel companies, and scientists throughout the world 
have produced complete data of inestimable value to industry. 

However, I would like to explain those portions of metal 
lurgical science which directly affect the minute surface layer 
with which we have been interested primarily from a Super 
finishing viewpoint. We believe that perhaps the detail that 
we have accumulated and the descriptions in simplified lan 
guage that we have incorporated have, to a greater degree 
than ever betore, permitted engineers and others who have 
not had the time thoroughly to study the subject of metal 
lurgy to see plainly how metallurgy of surface materials 
affects surface finish. 

Relation of Metallurgy to Machining Processes — The sci 
ence of metallurgy is based primarily upon the action of heat, 
and such action as pressure which is used in forging and 
other types of chipless shaping methods have on metals. After 
reviewing previously the speeds and pressures which produce 
heat during machining operations, it will be seen clearly why 
the thin outer surfaces of metals which have been turned, 
ground, or honed will have a different metallurgical structure 
than that in the body of the piece. 

It is granted that, in operations, such as turning or grind 
ing in which a tremendous flow of coolant will be flowed onto 
the work during the machining operations, the main body or 
bulk of the material may not be over a few degrees higher 
in temperature than the surrounding air. Here again it 
should be made clear that the temperature rise in the center 
of a 2-ft diameter steel mill roll, for example, is not that 
which we are discussing at the present time. Surfaces mean 
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Fig. 31 — Profile of crystalline surface material — 750X 


only that portion of the outer layers which affect the mechan 
ical or load-carrying capacity of the surface, and which sur 
face might be considered to be held in location only by the 
main body of the part. 

Speed and pressure applied to these outer layers will easily 
produce sufficient heat to alter metallurgically the surface 
material structure. 

Metallurgical Nomenclature of Surface Finish —In the de 
velopment of the metallurgical conditions existing on ma 
chined surfaces of metals, we had access to many excellent 
books and papers which had been published by the outstand- 
ing metallurgists during the past years. We had also the 
criticism and advice as to the various metallurgical theories 
and facts that we had incorporated into our Superfinish story, 
by metallurgists and physicists in our own organization, as 
well as those in other companies. Also, some of the leading 
educators in technical schools would listen carefully to our 
method of bridging the gulf between the practical application 

| known machining facts and the theoretical or scientific 
surface metallurgical condition. We acknowledge the fine 
help and advice of these people and feel complimented that 
so many of them agree wholeheartedly with our presentation 
oi the subject. 

Crystalline Material — While this term has been mentioned 
previously, it is of sufficient importance to describe more in 
detail. 

It is known metallurgically that practically all metals used 
commercially, such as iron and steel, form in crystalline struc- 
ture. Albert Sauveur in his book, “Metallography and Heat 
Treatment of Iron and Steel,” wrote: 

“Crystals are the units of the metallurgist; they are the 
little bricks of which all metal and alloys are made.” 

Sauveur later described the process of crystallization as fol 
lows: 

‘When solidification starts, crystallization sets in at many 
centers or nuclei. From each center a crystal grows through 
successive additions of crystalline matter similarly oriented, 
until, meeting with other surrounding crystalline growths, 
radiating from other centers, the free development of its ex 
ternal form is arrested.” See Fig. 31. 

Amorphous Cement — Between the various crystals form 
ing the structure of metals, there is a different material which 
acts as a bond and holds the crystals together. 

Acknowledged to be the first to report amorphous (non 
crystalline) metal was Sir George Beilby, whose results of 
intensive research work resulted in a paper, “The Hard and 
Soft States in Metals,” presented in 1911. From this paper, 
plus the results of their own research, Zay Jeffries and Robert 
S. Archer in their book, “The Science of Metals,” 
this condition as follows: 

‘Crystalline grains of a solid metal are, therefore, held 
together by substantially amorphous metal cement.” 

From the foregoing we now have the metal built up from 
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PROFILE SHOWING NEW CLEAVAGE LINE OF CRYSTALS 


GRAPHIC DIAGRAM OF CRYSTAL BEING LIFTED FROM 
POSITION THROUGH SOFTENING OF AMORPHOUS CEMENT 
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PROFILE OF A SUPERFINISHED SURFACE SHOWING BISECTING 

OF CRYSTALS TO PRODUCE SMOOTH SURFACE. ELIMINATION 

OF HEAT GENERATION BY SUPERFINISHING METHODS 
PRODUCES THIS TYPE OF SURFACE 


Fig. 32 — Profiles showing (from top to bottom) conventional 
turned surface, new cleavage line of crystals, crystal being 
lifted from position, and Superfinished surface 


crystal units cemented together with a non-crystalline or 
amorphous material. This amorphous material has been 
formed during the solidifying of the metal. Non-crystalline 
or amorphous material may be formed on machined surfaces. 
The depth of this material will vary by large amounts from 
one method of surface finishing to another. This depth obvi- 
ously depends upon the heat and pressure produced as pre- 
viously mentioned. It was this type of material that Beilby 
referred to when he described the surface flow of metal from 
the action of polishing or burnishing and which has since 
been referred to as the “Beilby Layer.” 

The appearance of the flowed layer under microscopic in- 
vestigation gave rise to the term “smear metal.” Through 
pressure and heat the non-crystalline material has been soft- 
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structure in such a manner that it has also been referred to 
as “metallic paint.” 

If this layer of amorphous material is smoothed over crystal- 
line structure, under severe conditions of use, it will flake off. 
As this amorphous metal at normal temperatures is harder 
than crystalline structure, once flaked off, it acts as an abrasive 
and, as such, will be instrumental in causing rapid wear. 

For these reasons it is desirable that a final finishing oper 
ation should remove as much of this amorphous and frag- 
mented material as possible, thus exposing the crystalline 
structure in an unworked condition. 

In machining operations requiring speed and pressure with 
the resulting heat, the formation of this fragmented material 
will be continuous, that is, in removal of this material from 
a previously formed surface, more of this material will be 
produced. 

For this reason the principles of Superfinishing are prefer 
able for surface finishing because Superfinishing is a mild 
process which, through slow abrasive speed and light pres 
sure, will not cause sufficient temperature increase on the 
surface to form more defective material. 

The Metallurgy of Smooth Surfaces— When it is realized 
that the crystals of a crystalline structure are held in place by 
amorphous cement, the reason that Superfinishing will produce 
the finest, smoothest, non-wearing surfaces can be understood 
better. 

The production of fine surfaces by Superfinishing prin 
ciples was accomplished long before the reasons why this was 
accomplished were understood. 

As Jeffries and Archer pointed out: “Man usually learns 
how before he learns why. Most developments originate 
largely from accidental discoveries and experimentation of a 
more or less impartial nature. Art practically always pre 
cedes Science.” 

That the foregoing is true is well brought out in the Super 
finishing program. Surfaces were produced commercially that 
were smoother and of different structural appearance than 
had been produced by any previously known production 
method. By examination of photomicrographs of surface pro 
files, the crystalline structure had been shown with the crys 
tals actually cut or bisected rather than dislodged from their 
setting. The reasons for Superfinishing accomplishing this 
result were not understood immediately but can now be ex 
plained satisfactorily from a metallurgical viewpoint. 

Metallurgists have described how the crystals in metallic 
structures are held together with amorphous cement. Frank 
T. Sisco in his book, “The Constitution of Steel and Cast 
Iron,” writes: 

“Should the amorphous material be subjected to heat, how- 
ever, it may soften to the point where it is much weaker than 
the crystalline material.” 

This presents the idea that there is a range of temperatures 
through which the metal structure will pass at which time 
amorphous cement, instead of being harder than the crystal- 
line structure, will become softer, so that the ratio between 
the hardness of amorphous and crystalline material will be 
reversed from that which it is at normal temperatures. 

Regarding the same condition, Gilbert E. Doan in his 
book, “The Principles of Physical Metallurgy,” writes: 

“This pulling apart of the grains at higher temperatures is 
said to be due to the rapid softening of the amorphous mate- 
rial as compared with the slower softening of the crystalline 
grains as the temperature is raised.” 


Again Jeffries and Archer in the “Science of Metals” 
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gether by a cement of vitreous amorphous nature explains 
these phenomena in a very satisfactory manner. At the 
lower temperatures, this cement is hard and strong. As the 
temperature is raised, the amorphous cement gradually soft- 
ens. The grains then readily pull apart without any appre- 
ciable deformation.” 

From the foregoing research of the metallurgists men- 
tioned, the reasons for the Superfinishing operation producing 
smooth surfaces are apparent. This can be described best by 
reviewing, from this viewpoint, the conventional machining 
operation and then Superfinishing. 

Metallurgical Condition of Conventional Surface Finishes — 
In any conventional heat-producing surface-finishing method, 
such as turning, or grinding, there will be sufficient speed 
and pressures produced so that the resulting heat upon the 
surface layers of the materials will be such that the amorphous 
cement holding the crystalline grains in place will be softened 
to such an extent that the grains may be jerked out readily 
from their setting, rather than being held in place and cut 
or bisected, as shown in Fig. 32. 

The resulting condition of pulling out, crushing and dis- 
torting the grains will result in a surface condition which is 
made up of irregular fragmented material containing bits of 
crushed crystalline metal in the amorphous structure. 

Metallurgical Condition of Superfinished Surface Finishes — 
In the production of Superfinished surfaces, the abrasive speed 
is much slower, the abrasive pressure is much lower and, 
therefore, the heat developed is less than that developed by 
other machining methods. 

The temperature developed in Superfinishing is not sufh- 
cient to heat the surface through that range of temperature 
at which the normal condition, in which the amorphous 
cement is harder than the crystalline material, is changed. 

Therefore, the hard crystals being solidly held in place by 
the harder amorphous cement, can be cut cleanly or bisected. 
This results in smooth surfaces made up largely of crystal- 
line structure which is maintained in its unworked condition 
and is not fragmented or disturbed or disrupted by the severe 
cutting and heating action which other types of commercial 
machining methods produce. 
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Summary — In the final analysis in describing and discussing 
the metallurgy of surface finish, it must be remembered that 
the portion of the part referred to is very minute compared 
to the size of the part upon which the surface is produced 
The surface layers are of such small magnitude that, as far 
as commercial dimensions are understood, they cannot be 
used conveniently in the measurement of this surface condi- 
tion. And yet the entire operating characteristics of a me- 
chanical device depend primarily upon the surface condition 
existing between mating or rubbing surfaces. Once again it 
should be brought out that the bulk of material on any part, 
such as a crankshaft, is dependent altogether for its successful 
operation upon the very thin layers of materials which make 
up the bearing surfaces. 

How these surface layers are measured as to metallurgical 
condition is an interesting story in itself. It is one that during 
the past few years has been worked on actively by many 
scientists, research men, and institutions. Their methods of 
checking surface-layer conditions have included bombardment 
of these surfaces by electronic beams and noting the diffrac 
tion pattern resulting, which gives an indication as to the 
structure of the surface layers. 

The depth of these layers can be determined by progressive 
etching of the surface electro-chemically, alternated with elec- 
tron diffraction pictures, and noting the change in the spac 
ing of the electron diffraction rings occurring at the various 
depths. The apparatus is shown in Fig. 33. 

The dimensions of surface phenomena are so small that it 
has been found convenient to adopt a smaller unit of length. 
This unit, called the Angstrom unit, is named after the 
Swedish astronomer, Angstrom, who proposed it. The Ang- 
strom unit is a unit of length which is used for scientific work 
in which submicroscopic distances are dealt with. One (1) A 
(Angstrom) unit equals 1/100,000,000 cm, or about 4/1,000,- 
000,000 in. It must be understood, however, that, although 
small in dimension, all other characteristics of surface phe- 
nomena are tremendous in importance. 

That these units with which the scientists are now working 


are minute is forcefully brought out by analyzing a sample 
surface as follows: 
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Fig. 34-Metallurgical condition of 
fine-ground surface — Top layer of ad- 
sorbed gas; second layer of compara- 
tively loose fragments of oxides, ni- 
trides, and decarbonized metal; third 
layer of crystals badly strained by 
enormous pressures and areas of un- 
dissolved carbides; and undisturbed 




















bulk metal at the bottom 


Fig. 35 — Metallurgical condition of a 

lapped surface—Top layer of adsorbed 

gas: second layer, abrasives, oxides, 

dust; third layer, deformed crystals; 

and undisturbed bulk metal at the 
bottom 


Fig. 36 — Metallurgical condition of a 

Superfinished surface-—Top layer of 

adsorbed gas; second layer of oxides 

and dust; third layer, deformed crys- 

tals; and undisturbed bulk metal at the 
bottom 
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Metallurgical Condition of Fine-Ground Surtace — The 
first layer of a fine-ground surface that has been cleaned care- 
fully and degreased is one about 2 or 3 Angstrom units thick 
of adsorbed gas which can be removed only by baking the 
piece in a vacuum, as shown in Fig. 34. This layer returns 
as soon as the piece comes into contact with air again. The 
second layer, one of the variable thickness ranging between 20 
and 80 Angstrom units, is made up of comparatively loose 
fragments of oxides, nitrides, and metal decarbonized by the 
extreme temperatures caused by the grinding operation. 

The third layer, about 50,000 Angstrom units thick, consists 
of crystals badly strained by enormous pressures, and areas 
of undissolved carbides produced by high temperatures. These 
carbides in the grain boundaries cause this layer to be very 
brittle; therefore, fragments which are broken out easily be- 
come abrasive particles accelerating wear. Below this layer 
is the undisturbed bulk metal whose properties are unchanged 
by this method of surface finishing. 

Metallurgical Condition of a Lapped Surface — The first 
layer of a lapped surface that has been cleaned scrupulously 
and degreased is about 2 or 3 Angstrom units thick of ad- 
sorbed gas which can be removed only by baking in a vac- 
uum, as shown in Fig. 35. This layer returns as soon as the 
piece comes into contact with air again. 

The second layer, about 30 Angstrom units thick, is made 
up of small particles of all the materials concerned with the 
previous physical and chemical processes through which the 
piece has gone— mostly bits of trapped lapping abrasives, 
along with a small quantity of oxides, dust, and so on. 

The third layer, about 15,000 Angstrom units thick, is of 
deformed crystals strained by excessive pressures. 

All metal below the third layer is undisturbed bulk metal 
whose properties are unchanged by this method of surface 
finishing. 

Metallurgical Condition of a Superfinished Surface — The 
first layer of a Superfinished surface that has been cleaned 
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and degreased carefully is one about 2 or 3 Angstrom units 
thick of adsorbed gas which can be removed only by baking 
the piece in a vacuum. This layer returns as soon as the 
piece comes into contact with air again. 

The second layer, as shown in Fig. 36, which is about 10 
or 15 Angstrom units thick, is made up cf oxides and dust. 
In Superfinished surfaces, as compared with the lap surface 
The 
third layer, about 15,000 Angstrom units thick, is made up 
only of deformed crystals with no evidence of excessive heat. 


just described, there is absolutely no trapped abrasive. 


Even the lightest known pressures are sufficient to deform 
mechanically crystals to this depth. This layer is vastly dif 
ferent from the corresponding layer of a ground finish which 
contains large amounts of undissolved carbides. 
known, the finest abasives are 
tantalum, and silicon. 


As is well 
also carbides, such as tungsten, 

In very fine finishes, such as produced by lapping and 
Superfinishing, other constituents are reduced to such small 
amounts that microscopic dust particles become an important 
factor. The most painstaking laboratory technique has never 
been successful in completely eliminating dust. It must al 
ways be kept in mind that, regardless of how minute the 
surface layer is in thickness, that layer is used for the load 
carrying and wear-resisting surfaces, and the bulk of the 
material only serves to hold this layer in place. It is my 
belief that the scientific study of surfaces produced by various 
methods, and their relation to resulting operating conditions 
has only begun. The next few years will produce a wealth 
of technical data along this line that will be greatly instru 
mental in further improving mechanical civilization. 

We feel particularly gratified that the impetus given to the 
surface-finishing problem from a metallurgical viewpoint by 
our research in superfinish has been instrumental in bring- 
ing out to the mechanical world at large many of these facts. 
We feel we have caused physicists, engineers, mechanics, and 


all industry to become “finish-conscious.” 
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Surface Finish and Its Relation to Lubrication 


[Introduction —I have always found it desirable whenever a 
new idea, a new method, or a new result was obtained, in 
order to get the finest cooperation in the manufacturing indus- 
try between the interested engineers and shop men, to bring 
out definite reasons for any change in technique or results. 
Therefore, during the Superfinishing program, we have ana- 
lyzed carefully the reasons for producing smoother surfaces 
for bearing use. As the majority of all fine surfaces are 
produced for the use of lubricated bearings, we have stressed 
particularly the analysis of the theory and practice of lubrica- 
tion. By carefully studying the reasons for lubricating sur- 
faces and the theories of lubrication, the importance of pro- 
ducing finer surfaces will be more appreciated by laymen and 
technicians alike. 

During the past few years that we have been immediately 
in touch with the problem not only in our own Corporation 
but in many others, we have been interested in seeing how 
the advocates of smoother surfaces have increased in number. 
In times past there have been many engineers who conscien- 
tiously have felt that lubricated surfaces should have a certain 
degree of roughness in order to operate satisfactorily. Results 
of our own tests as well as those of many other scientific 
groups have shown conclusively that it is only through mis- 
information that any engineer would advocate the use of 
rough moving, lubricating, or mating surfaces. 

It is acknowledged that, in times past, rough surfaces were 
some benefit particularly in cylinder bores and on the outside 
diameters of pistons. Due to the inaccuracy in bore dimen- 
sions, because suitable equipment was not available for pro- 
duction use, a certain degree of roughness in the cylinder 
bore had to be provided in order that any tight spot caused 
by taper or out-of-round condition could be worn off without 
danger of seizing during what used to be called the “run-in” 
or “wear-in” period. In times past, there have been many 
discussions among engineers as to whether this so-called 
“running-in” operation isn’t a “wearing-out” operation. 

A better analysis of the so-called “wear-in” or “run-in” 
operation would be to analyze the clearances of assembled 
parts during the life of the unit. It is a well-established fact 
that, for any given set of operating conditions, there is a 
certain optimum clearance at which the all-around efficiency 
would be a maximum. Clearance greater or less than this 
optimum clearance leads to lower operating efficiency and 
shorter bearing life. For example, an internal-combustion 
engine in which the bearing or rubbing surfaces are rough 
would start out at the beginning of operation with efficiency 
very low due to the clearances being too small. During the 
“run-in” period these clearances while wearing smoother in- 
crease, passing rapidly through that clearance at which maxi- 
mum efficiency is obtained. 

Now, if clearances in this internal-combustion engine which 
we are using as an example could remain at the optimum, 
there would be some excuse for the “running-in” of rough 
surfaces. This, unfortunately, is not the case in actual prac- 
tice or in test results as the wearing off of the surfaces during 
the “run-in” or “wear-in” period will not suddenly stop at the 
clearance of maximum efficiency. Wear will continue and 
soon will reach that stage in the life of the engine where the 
“wear-in” process becomes a “wear-out” process, at which 
tme the clearances increase, efficiency lowers, and all-around 
performance of the engine is impaired. 

It certainly does not seem logical from a common-sense 
standpoint that two rubbing surfaces should be produced so 
rough that, after the fitting of the parts with the close initial 
clearances, it should be left to the operation of the parts dur- 
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ing the first few hours or the first few hundred miles of use 
to wear smoother. 

I could never understand why, if a tractor piston and cyl- 
inder, for example, were expected to operate after the first 
few hours of the “wearing-in” process with smoother sur- 
faces than were produced originally, anyone would ever advo- 
cate operation with rough surfaces in the beginning. Com- 
mon sense dictates that, if the ultimate surface is going to be 
smooth after a “wear-in” period, why not develop that surface 
mechanically, thus fitting the mating surfaces together right 
at the start so no “wearing-in” period is necessary? I always 
maintain that the engineering specifications for fits and clear- 
ances should be built into the unit at assembly for, if not, 
there is slight chance they ever would be attained. The sur- 
face smoothness of the component parts should be that 
smoothness initially, that the engineers desire for ultimate 
operation. 

It is for these reasons that we are studying the relationship 
between surfaces and lubrication, and I hope that, after the 
description of lubrication that will follow, you will have a 
greater appreciation of the tremendous job that lubricating 
oils and greases perform. 

The excellent job that the oil companies have done in pro- 
ducing types of lubricant to operate satisfactorily under all 
conditions, should be commented upon. The lubricating engi- 
neers deserve great credit for the vigor and enthusiasm with 
which they have attacked the problem of lubrication. Men in 
the oil industry know too well that, regardless of what difh- 
culty any mechanical piece of apparatus is in, either from 
excessive maintenance cost or break-down, the lubricating 
medium usually is blamed. 

I believe this condition is because the average operator of 
lubricated equipment thinks that lubricating oil has every- 
thing to do with the operation of the piece of apparatus. It 
has been one of the lubricating engineer’s biggest problems 
to show that the present high-quality lubricating oils only 
can operate at maximum efficiency if the mechanical units 
which they are lubricating have included correct design, suit- 
able materials, high-quality workmanship, and _ intelligent 
operation. 

This condition has resulted in many studies during the 
past of properties and uses of lubricating oils. The great 
increase in consumption of oils for lubrication of internal- 
combustion engines has allowed various oil companies to per- 
form an immense amount of research. This research, coupled 
with investigations by industry and teclinical institutions, has 
produced a wealth of data. From the time of Pliny (89 A.D.) 
there have been many technical articles and books written 
concerning the various aspects of lubrication and lubricating 
oils. It is interesting to note that, in few instances, has any 
mention been made that the quality of surface smoothness is 
an important factor in lubrication problems. 

This has been caused primarily because research men could 
not designate definite types of surfaces for their many experi- 
ments. Tests that would be run today on what would be 
called a fine surface could not be duplicated tomorrow be- 
cause of the inability of different types of surfaces to be dupli- 
cated accurately or controlled. 

One of the most important features of Superfinish is that 
now, for the first time, mechanically made reproducible sur- 
faces are available. Surfaces produced by Superfinishing can 
be controlled accurately as to surface characteristics, at any 
time and at any place, providing, of course, that duplicate 
operating equipment and conditions are available. This is 
of inestimable value in correcting what was previously the 


greatest handicap to investigators in friction, lubrication, and 
metallurgy. 
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ROUGH SURFACE, TURNED OR GROUND 
Scratches and protrusions above the bearing surface 
rupture the off film causing metal-to-metal contact 





SMOOTH SUPERFINISHED SURFACE 
Since there are no irregularities above the bearing surface 
to rupture the oil film there is no danger of metal-to-metal 
contact 


Fig. 37 —Lubricating conditions with rough surface (above) 
and Superfinished surface 


History of Lubrication — Centuries ago the small amount of 
work that was required from mankind was performed by 
man himself. This work took care of only the bare necessities 
of life. Later, however, man had to rely upon more than his 
own power to obtain these necessities. It was then that beasts 
of burden were harnessed to help carry the added load re- 
quirements. The earliest record of bearing lubrication dates 
back to about the year 1500 B.C. in chariots used in warfare 
and races for sport. This early lubrication was by mutton 
or beef tallow. 

Around the year 450 B.C., Herodotus recorded a detail 
description of petroleum oils and lubrication. Later, about 
the year 45 A.D., Pliny compiled a very complete list of all 
vegetable oils in use at that time. To Sir Isaac Newton, 
around the year 1687 A.D., generally is given the credit for 
laying the foundation of the modern lubrication theory which 
is based on the fundamental law of viscous resistance of a 
fluid. This law states that the shearing stress at any point 
in a fluid is proportional to the rate of the shear. He ad- 
vanced the idea that lubrication is a mechanical action and, 
therefore, governed by his newly expounded laws of motions. 


Following this there have been many investigators and re- 
search men who have been instrumental in developing the 
theory and practice of lubrication to the highly specialized 
business that it is today. To anyone wishing to study more 
in detail the various aspects of lubrication, there 


re many 
highly technical books written concerning it. In this paper, 
just enough of the theory of lubrication will be described to 


illustrate properly the relationship of lubrication to surface 
finish. 

Wear — As one of the basic reasons for lubrication is to 
prevent wear, we should analyze briefly what wear Wear 
can be described as the continual removal of material during 
use from the surface areas of mating or rubbing parts. Wear 
is divided into two types —abrasion and corrosion. Surface 


finish conditions have a large influence on the rate of both 
types of wear. Abrasive wear can take place between moving 
lubricated surfaces only if there is metal-to-metal contact. 
Therefore, it is an important function of lubrication to pre- 
vent metal-to-metal contact to as great an extent as operating 
conditions allow. 

That smooth surfaces will not wear as easily as rough sur- 
faces hardly needs any explanation as it is obvious that the 
peaks or projections making up the rough surfaces can be 
broken off easily whereas, with a smooth surface, there 
would be no opportunity for any of the material to be removed 
unless it were actually gouged out by action similar to a 
machining operation. Even under conditions where, due to a 
thick film of oil, there is no metal-to-metal contact, a smooth 
surface still has a tremendous advantage over a rough surface 
in that its rate of corrosive wear is so much less. 

Friction — The basic reason for lubrication could be stated 
in the simplest possible manner as follows: Lubrication should 
reduce friction! How and why lubrication reduces friction 
can be analyzed only after a brief description of the various 
types of friction. 

Friction is a force which, acting between two bodies at 
their surfaces of contact, resists their sliding upon each other 
A broad interpretation of the theory of friction helps in 
understanding the theory of lubrication. As previously men- 
tioned, man learns how before he learns why, and nowhere 
is this more evident than in dealing with phenomena of fric- 
tion. Although no one has explained satisfactorily what 
friction actually is, men have been eminently successful, 
judged by present-day standards, in reducing friction. In 
friction, as in other fields, various names have been adopted 
for the convenience of describing clearly various phases of 
the same phenomenon. However, there must be an over- 
lapping of all of these conditions and, therefore, an over- 
lapping of nomenclature. 

Dry Sliding Friction — Sliding or solid friction occurs when 
two unlubricated surfaces are placed together and moved 
relative to one another. Examples of this type of friction 
would be the pushing of a block along a dry surface, a piston 
sliding in a dry cylinder bore, a journal shaft revolving in a 
dry bearing, a sled or ski scraping over bare ground. The 
instant any form of lubricant is placed between these two 
surfaces the type of friction changes. 

Rolling Friction — Rolling friction is the reactionary force 
occurring between solid surfaces if these surfaces are sepa- 
rated by balls or rollers. 

Boundary Friction (Thin-Film Lubrication) — Boundary 
friction is that force which occurs between two solid surfaces 
between which is an oil film of extreme thinness, and yet is 
capable of retaining its film structure under high pressures. 
This condition is sometimes termed partial or incomplete 
lubrication. At the present time there is very little known 
concerning the laws of boundary friction, although the com- 
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mercial methods of lubricating moving parts are approaching 
boundary friction, due to higher bearing pressures and higher 
rubbing speeds coupled with the use of smaller clearances and 
thinner oil films. 

Fluid Friction (Thick-Film Lubrication) — Fluid friction 
always is present in lubricated surfaces, and is described as 
the internal friction of two moving solid surfaces completely 
separated by an oil film. Fluid friction is inherent in lubri- 
cating oils, as well as in all other fluids, being most noticeable 
in those having an appreciable amount of viscosity. The 
condition for fluid friction is an oil film of sufficient thickness 
that the average height of the surface irregularities is small 
compared with the distance between the two metal surfaces. 
Under these conditions the action of the oil film obeys the 
laws of hydrodynamic theory. Hence this is sometimes re- 
ferred to as hydrodynamic lubrication. A comparison of con- 
ditions with rough and Superfinished surfaces is shown in 
Fig. 37. 

Friction of Rest—Friction of rest is that resistance to a 
force trying to put a stationary object into motion. 

Friction of Motion — Friction of motion is that resistance 
which a moving body must overcome to maintain motion. 

Friction Compared with Lubrication — The comparison be- 
tween friction and lubrication can be made best by use of a 
simple table: 


Friction Lubrication 
Dry, solid, or rolling friction Unlubricated surfaces 
Boundary friction Partially lubricated surfaces 
Fluid friction Completely lubricated surfaces 


Lubricating-Oil Nomenclature — One of the most important 
attributes of a lubricating oil is its viscosity. Viscosity is the 
measure of an oil’s molecular cohesion which resists internal 
flow. 

As you members of the SAE are perhaps aware, the Society, 
along with representatives of the automotive and petroleum 
industries, worked together and by mutual cooperation de- 
veloped the SAE numbering system of the classification of oil 
in terms of viscosity or body. That this systefa was of great 
benefit to stabilize one of the important characteristics of a 
lubricating oil is obvious, especially to those of us who re- 
member when different oil companies would use such terms 
as light, heavy, and so on, or letters such as A, B, C, and D 
with the consequent confusion to the consumers due to the 
overlapping of various designations by different refineries. 

The viscosity affects the lubrication of internal-combustion 
engines because an oil of heavy viscosity will provide hard 
starting during cold weather due to the viscous internal 
resistance in the lubricant. A heavy-bodied oil also will be 
hard to control as to lubricating immediately upon starting 
as, for some little time after starting, the oil will remain so 
thick that it will not readily circulate. It is at this time that 
brief metal-to-metal contact will result in scoring or scuffing of 
the parts. 

A light-viscosity oil is preferable for modern automobile 
engines because it allows easy starting at low temperatures 
and more immediate lubricating value at the start of engine 
operation. 

It is recognized by oil refineries that, since the introduction 
of Superfinish and the resulting “finish-consciousness” of per- 
sons engaged in designing and building high-speed equip- 
ment, the refining and sales of the lighter viscosity oils have 
increased at the expense of the heavier types. 

Cohesion —Cohesion is the molecular force holding like 
substances together. It affects the viscosity of an oil because 
the oil is made up of molecules which are held together by 
a force that is termed molecular attraction. It is this force 
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which causes a resistance to motion of one molecule over 
another, and the effect of this resistance to motion is con- 
nected intimately with the viscosity of the fluid. See Fig. 38. 

Adhesion — Adhesion is the molecular force holding unlike 
substances together. Adhesion affects the lubricating of sur- 
faces because the lubricating oil must adhere to the rubbing 
surfaces with sufficient tenacity to maintain a uniform, un- 
broken oil film. Some investigators have named this ability 
of an oil to adhere to metallic surfaces as its “oiliness” char- 
acteristic. This term is somewhat indefinite as to dimension 
but is of necessity because several oils, each having the same 
viscosity, will produce different results under identical test 
conditions. The reasons for these different results can be 
described only by the difference in the various lubricants’ 
“oiliness” characteristics. 

Temperature — That a lubricating oil has to operate under 
varying conditions is well brought out by the fact that crank- 
case oil in summer will average between 200 F and 250 F, 
while in winter the temperature may not rise much over 
100 F. Also, actual operation of lubricated surfaces, if they 
are at all comparable to test results, the flash temperature at 
the instant of brief metal-to-metal contact has been tested on 
laboratory equipment by various investigators (Bowen in the 
Laboratory of Physical Chemistry at Cambridge, England 
and H. Blok of the Delft Laboratories, Holland) as reaching 
around rooo C in a fraction of a second. It is understood that 
this temperature is only reached at the minute peaks on a 
surface; yet at all times we want to stress that it is this con- 
dition in the extreme outer layers that affects the operation of 
a bearing. Fig. 39 gives a comparison chart of the action of 
heat on oil. 

Other attributes of a good oil at operating temperatures 
should be its imperviousness to oxidation and its freedom 
from corrosive ingredients to engine parts, particularly bear- 
ings. A reluctance to form carbon is also desirable. 

Modern lubricating oils produced by reputable refineries 
are controlled so carefully in manufacture that, regardless of 
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operating conditions, an analysis by a competent lubrication 
engineer will result in finding a lubricating oil which is 
satisfactory. 

Oiliness —Thin-film lubrication occurs particularly after 
starting from rest or during a period of sudden overload. 
The protection that bearing surfaces get from the thin oil film 
at these moments has been described by some investigators as 
the lubricant’s oiliness characteristic. 

The property of oiliness, in lubricating oils which have the 
same viscosity, is described as the ability of an oil to spread 
or cover a metallic bearing surface. The term oiliness had to 
be coined because, during wear or seizure tests, different oils 
of the same viscosity could be subjected to identical test con- 
ditions, yet would result in widely different values for the 
frictional resistance. 

Oiliness cannot be measured in terms of definite units. The 
nearest approach might be that of an oil’s adhesive properties, 
as it is known this adhesive property becomes of increasing 
importance as the oil film becomes thinner. 

Physical and Chemical Properties of Oils — Many techni- 
cians have written excellent books about lubricating oils. 
These include the various properties of oils by which they 
are graded or described, such as gravity, flash point, fire point, 
Viscosity, viscosity index, pour test, color, carbon residue, acid 
number, oxidation test, iron content, and perhaps many 
others. 

There are two classifications in which lubricating oils can 
be divided in order to take care of the majority of all com- 
mercial lubricants. 


One classification is the fatty acids which are termed the 
polar group. These are made up of complex molecules, con- 
taining oxygen in such groupings that one end of the mole- 
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Fig. 39 - Comparison chart of the action of heat on oil 


cule is active. This means that one end of the molecule has 
the property of adhering to metallic surfaces. 

The other classification would be the mineral oils and 
petroleum lubricants. These groups are made up of hydro 
carbons, but do not contain the same polar groups as that of 
the fatty acid oils. They do, however, adhere to metals, 
although to a lesser degree. For purpose of illustration, 
an oil molecule is sometimes depicted as a sphere. This 
analogy is sometimes used in describing some of the prop- 
erties of oil. There is more reason to believe, however, that 
oil molecules are of some elongated shape. The oleic-acid 
molecule (C1z7H3;COOH), for instance, is believed to be 
about three times as long as wide. 

Certain oil molecules have a region of chemical activity. 
This region is especially effective when located at the end of 
the molecule. This active region is responsible for the adhe- 
sive power of an oil molecule. 

It is practically impossible to remove all traces of oil from 
a metal surface by means of solvents. A smooth surface of 
metal which has been well oiled and then washed in any 
solvent, such as carbon tetrachloride or benzine, will appear 
to be free from oil. However, by flooding the surface with 
water, the water will run off and leave the surface apparently 
dry. This is because the surface has an adsorbed oil film still 
remaining which, minute though it may be, remains a pro- 
tective oil film. 

It is here that the desirability for smooth bearing surfaces 
over rough bearing surfaces is plainly seen. With a rough 
surface the oil molecules adhere to the surface in the bottoms 
of the scratches and at the tops of the peaks. The molecules 
which happen to be adhering to the minute peaks will not 
have the protection of adjacent molecules so that, in the event 
of metal-to-metal contact, this mechanical action will result in 
the immediate breaking of the oil film from the peak. 

Now, using a similar illustration for a smooth surface, each 
oil adhering to the surface will have the protection of all 
adjacent molecules. Therefore, when two smooth lubricated 
surfaces are rubbed together, it will be impossible for any of 
the oil molecules to be swept away thus allowing metal-to- 
metal contact. 

The foregoing illustrations show the reasons why smooth 
bearing surfaces are preferable for any installation in which 
the molecular thickness of the protective oil film will be very 
thin. The reasons why smooth surfaces are preferable for 
bearing surfaces protected by thick film lubrication, or fluid 
friction will now be described. 

In a liquid substance, such as a lubricating oil, the mole- 
cules making up the substance will be surrounded on all sides 
by other molecules. These molecules.will all have an attrac- 
tive force for each other. As mentioned previously this force 
is known as molecular cohesion and the resulting resistance 
to internal flow is termed viscosity. How this condition 
affects the lubricating action of oils upon various types of 
surfaces will now be described. 

Lubrication of Rough Surfaces — Two rubbing surfaces be- 
tween which is a protective oil film many molecules thick 
will have a lubricating action as follows. The polar groups 
of oil molecules along the irregular surfaces will orient them- 
selves with their active end adhering to the irregularities. 
Depending upon the material of the surface and the type of 
lubricant used, there will be a definite region extending away 
from the metallic surfaces in which the forces acting upon 
the oil molecules will come from the metallic surface. In the 
center region the metallic attraction of the surfaces for the oil 
molecules diminishes to a negligible amount when compared 
to the cohesive forces. It is in this center region that the 
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viscous resistance of the oil will occur which is known as 
fluid friction. Now, if we imagine this installation to be a 
journal and a bearing, and the journal is started from rest 
rotating in the bearing, the shear line of the oil film will be 
irregular. The aggregates of oil molecules will be in a state 
of turbulence resulting in excessive internal or fluid friction. 

In order that this force of fluid friction can be appreciated, 
it is remembered that the hard starting of a bearing which 
has been subjected to low temperatures depends on the fluid 
friction or the resistance to shear of the inner molecular layers 
of the oil film. The same forces which resist the movement 
or slippage of layers of oil molecules at low temperatures are 
present at elevated temperatures only to a lesser degree. 

We illustrate this action of rough irregular surfaces upon 
an oil film, by comparing it to the Chrysler Fluid Drive 
brought out last year for the Imperial model. As most of you 
perhaps have studied this design, you can immediately see 
the similarity. In this Fluid Drive unit we have the rotating 
outer member, in which are a number of fins, and an inner 
member having a like number of fins, and these two mem- 
bers are so assembled that the fins face each other, with 
proper clearance. 

This unit is partially filled with oil. The rotating member 
is turned at engine speed and, while turning, tends to create 
a turbulence in the oil. When the speed of the driver be- 
comes great enough to move the oil with sufficient force to 
overcome the friction holding the runner stationary, the 
runner commences to turn. Ultimately both will turn at the 
same speed and the driver and’ runner will act almost as a 
solid unit, being connected only by the aggregate of oil 
molecules. 

Let us analyze what occurs if the driver is speeded up and 
the runner is held stationary. The oil is churned and the 
molecular structure is in such a state of turbulence that the 
internal friction becomes great and increased temperatures 
almost immediately develop. The power required to rotate 
the driver under such conditions is, as you can appreciate, 
great. 

This is exactly the same condition that occurs when a 
journal having a rough surface is rotated in a bearing also 
having a rough surface. The scratches and protuberances 
above these bearing surfaces will cause the oil film to become 
in the same state of turbulence as occurred in the Fluid Drive 
when one member of the Fluid Drive was held stationary. 

The same condition of turbulence in the molecular aggre- 
gates in the oil will result in a high-temperature condition 
which causes the oil to decrease in viscosity and, therefore, as 
conditions of bearing load and speed, with the resulting heat, 
continue, metal-to-metal contact can occur. 

Lubricating Smooth Surfaces —If two smooth surfaces are 
subjected to thick-film lubrication, the surface layers of the 
oil molecules will adhere to the metallic surfaces while the 
inner molecular layers of oil will, because of lack of surface 
irregularities, slide over one another with a minimum turbu- 
lence. The accompanying minimum internal friction results 
in minimum temperature rise, therefore maintaining sufficient 
Viscosity to protect the bearing surfaces. This allows maxi- 
mum bearing loads to be carried as well as freedom from 
metal-to-metal contact and resulting wear. 

Superfinish Bearing Tests—In order to show definitely the 
difference between Superfinished bearing surfaces and those 
bearing surfaces produced by other commercial machining 
methods, there have been literally hundreds of laboratory tests 
performed. The results of two of these tests are of great 
interest and describe plainly the reasons for superior results 
in practice. 

Laboratory Test of Oil Film Strength Vs. Surface Smooth- 
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ness — To determine the results of various types of surfaces as 
to the ability of such surfaces to carry loads under actual 
operating conditions, a standard SAE oil-testing machine (see 
Fig. 40) was used, not as a machine to test oils by using the 
same rubbing surfaces with different oils, but by using the 
same type of oil and varying the rubbing surfaces upon the 
test parts. 

Standard tapered roller bearing cups were purchased, and 
the outside diameter of some of these cups was finished to 
varying degrees of surface roughness as measured by the 
profilometer. Photomicrographs at 25 diameters also were 
taken of these surfaces in order that an indication as to the 
different bearing areas available could be determined. 

The test machine then was set up under definite conditions 
and operated first with the standard ground surface, next 
with a finer ground surface, and finally with Superfinished 
surfaces of varying degrees of surface smoothness. The test 
conditions and the results obtained were as follows: 


Machine used ....Standard SAE oil-testing machine 


Rpm, . iGo 5.0ls ain 

Rubbing Ratio bie Geeaw we an 

Load increase, lb per sec 83.5 

Oil used eee M.S. 782 
Viscosity of oil used 150 sec at 210 F 


Fig. 41 gives photomicrographs of surfaces, profilometer 
readings, and total loads. 


Total Load Applied, lb 


Micro-in. I 2 


2 3 Average 
16-18 Ground 140 110 100 117 
12-14.5 Ground .. 116 130 96 111 
8-10 Superfinished 165 148 146 153 
4-6 Superfinished 200 160 180 
0-2 Superfinished 222 22 204 217 


From the foregoing it will be noted that surfaces that are 
produced by methods in which the many defects are above 
the bearing surface, even though the profilometer reading was 
relatively low, would cause oil-film failure from an 18 micro- 
in. surface at an average of 117 lb while a Superfinished 





Fig. 40-SAE oil-testing machine used for tests of oil file 
strength of various surfaces 
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PHOTOMICROGRAPH OF SURFACES MAGNIFIED 25 DIAMETERS 
FINISH GROUND 


ROUGH GROUND 





SUPERFINISHED TO VARYING DEGREES OF SMOOTHNESS 





PROFILOMETER — READINGS IN MICRO-INCHES 


17 13.5 


5 2 





TOTAL LOAD TO PRODUCE OIL-FILM FAILURE, LB 


117 Ht 


153 180 


217 





Note that Superfinished surfaces greatly increase carrying capacity of metallic surfaces 


Standard SAE Oil-Testing Machine Using Oil Viscosity 150 Sec at 210 F 





Fig. 41 —- Photomicrographs of surfaces, profilometer readings, and total loads — Laboratory test of surface smoothness versus oil- 
film-failure 


surface of 2 micro-in. would require approximately double 
that pressure or 217 |b Lefore oil-film failure. 

The important findings of such laboratory results upon 
practical engineering problems are several. First, they allow 
the designing engineer to increase the amount of load carried 
by a bearing without increasing the size. Second, they allow, 
if practical, the designing engineer to diminish the size of the 
bearing area with resulting saving in material and weight. 

Wear Test of Superfinished Surfaces and Ground Sur- 
faces — By utilizing the same SAE oil-testing machine as just 
described, only set up for different conditions, a true com- 
parison of the ability or capacity of surfaces of varying rough- 
ness to produce wear under conditions similar to those in 
actual use were determined. Instead of using the standard 
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Fig. 42 - Babbitt bearing wear test 


roller-bearing cups, special cups were made up that would fit 
the tapered nose on the machine with the outside diameter 
comparable to a production crankshaft size in order that the 
standard steel-backed babbitt lined commercial main bearing 
could be used, one cup having a commercial ground surface 
and the other a Superfinished surface. These cups were run 
at the same shaft speed, same pressure and for the same time, 
unlubricated, against a standard steel-backed babbitt bearing 
as used in conventional automobile-engine design. 

Each bearing shell was weighed accurately before the test 
and weighed accurately after the test, so that any decrease in 
weight would be a determination of the amount of babbitt 
material worn off by the two different surfaces. The results 
of this test were that the ground surface wore away from the 
bearing surface 46% mg of material while the Superfinished 
surface wore away less than 1 mg of material. Fig. 42 shows 
these results graphically. 

This test describes the reason wear is virtually eliminated 
if bearing surfaces are made with the scratches and projec- 
tions below the load-carrying bearing surface. This type of 
surface can be produced only commercially by the science of 
Superfinishing. It is only by the Superfinishing action that 
the sharp peaks or irregularities above the bearing surface, 
which have resulted previously in wear, can be removed en- 
tirely from the surface. 

Lubricating a Superfinished Engine—- With all wearing 
surfaces of every major moving part Superfinished the main- 
tenance of initial clearances of one part to another will be 
insured for the life of the engine. As there are no jagged 
mountain tops of metal to be removed during a careful 
“run-in” period, initial clearances can be established which 
have been proved to be the most desirable from the operating 
standpoint and from lubricating efficiency. As previously 
explained, there is very little chance of the desired clearances 
being attained by the “run-in” method, or that “wear-in” of 
the surfaces will stop automatically at the exact clearances 
desired. There are too many other factors entering into 
engine performance to hope for such a condition or result. 
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Fig. 43 —- Crankshaft Superfinisher — All main and pin bearings finished simultaneously - Super- 
finishing time, 50 sec 


Fig. 44—Valve-stem Superfinisher - Stones are above and below stationary tray which holds 28 
valve stems — Superfinishing time, 10 sec 


Fig. 45 — Piston Superfinisher — 650 pistons per hr are finished on this 6-station machine 
Fig. 46 — Tappet-head Superfinisher — 1200 tappets per hr are finished on this 14-station machine 
Fig. 47 —- Camshaft main-bearing Superfinisher - Superfinishing time, 20 sec 
Fig. 48 - Camshaft-cam Superfinisher — Superfinishing time, 40 sec 

Fig. 49 — Flywheel Superfinisher (clutch face) -Superfinishing time, 23 sec 


Fig. 50 - Brake-drum Superfinisher - 13 sec Superfinishing time from rough turn 
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Everyone can remember the oil charts that were produced 
years ago which listed oils of increasing viscosity that should 
be used in engines having different mileage. 

Oils should be sufficiently fluid at prevailing temperatures 
to insure adequate distribution to the bearing surfaces. At 
the same time the lubricating oils should provide a tough 
film to withstand existent engine temperature and pressures. 

The oil should remain clean under operating conditions 
and be chemically stable under high temperatures in the pres- 
ence of an abundance of oxygen. 

Oils should be used that will resist sludge formation. With 
Superfinished engine parts, sludge is difficult to form. For- 
merly, the primary cause of the formation of sludge has been 
solid metallic particles which had been worn off lubricated 
surfaces. 

Summary — The operating conditions of any lubricated sur- 
face will be improved greatly by the use of the smoothest 

‘surfaces commercially practical. There have been isolated 
tests with results unfavorable to smooth surfaces. A brief 
survey into the subject will show these unfavorable results to 
be distinctly in the minority. An intelligent investigation will 
show almost invariably a defect in experimental technique. 
Any bearing surface which has been intelligently designed, 
accurately manufactured, carefully assembled, and adequately 
lubricated will give better performance, less maintenance 
trouble and expense, and minimum wear, provided the sur- 
faces are smooth instead of rough. 


Manufacturing and Engineering Advantages 


Manufacturing Advantages—To be of commercial use to 
the manufacturing plant of either low-production or high- 
production operations in the competitive markets of today 
and the rigid inspection systems in use requires that any 
method of surface finishing must satisfactorily provide manu- 
facturing advantages as follows: controlled surface quality; 
minimum machining time; standardized equipment; simple 
preliminary operations; minimum abrasive cost; and simpli- 
fied inspection. 

Dimensional Accuracy — The foregoing are all self-explan- 
atory and show the desirability of utilizing Superfinish 
technique. 

Engineering Advantages— Under present-day design of 
practically every article manufactured, the designing engineer 
must specify surfaces which must have distinct advantages 
after they have been produced and assembled into the oper- 
ating mechanism. We know that Superfinish provides the 
maximum engineering advantages as follows: wear-proof 
bearing surfaces; initial clearances maintained; bearing fric- 
tion reduced; no oil-film rupture; quiet operation; and long 
life of product. 

The foregoing are self-explanatory, and I do not believe 
, that anyone would question the desirability of obtaining such 
results. 

It is commonly known that the tensile strength of a rod 
can be increased as much as 5% merely by Superfinishing 
the surface. The same holds true in the case of fatigue. The 
life of a flexing rod can be prolonged considerably by remov- 
ing any fissures in the surface which might serve as stress 
raisers. 

Superfinish is beginning to play an important role in many 


applications of this sort, such as, for instance, surface finishing 
of struts, and so on. 


Superfinishing Machines 


Many of you have been to our Chrysler Jefferson Avenue 
Plant in Detroit in the past two years and have been shown 
through the plant to see Superfinishing machines actually in 


operation. Every visitor that we have had has commented 
enthusiastically about the type of work that the Superfinish- 
ing machines produce, and particularly about the rapidity 
with which the operation is performed. This smoothing of 
the surfaces in a few seconds of time is a feature of Super- 
finishing that cannot be described to you as impressively as if 
you were actually to see the part having a rough surface 
placed in a Superfinishing machine and ro or 15 sec later see 
and feel this same part with a surface finish of extreme 
smoothness. 

However, to give those who have not seen the actual ma- 
chines in production an idea of the different types of machines 
actually in use, Figs. 43 to 50 show some of these machines. 
The name of these machines, the type of surface produced 
before Superfinishing, the profilometer readings before and 
after Superfinishing are included in the table following: 


Previous 
Operation 
Name of to Micro-in.-R. M.S. 

Machine and Part Superfinishing Before After 
Crankshaft (Fig. 43) Finish grind 55 5 
Valve Stem (Fig. 44) Ground 18 4 
Piston (Fig. 45) Ground 35 6 
Tappet (Fig. 46) Ground 20 2 
Camshaft Main Bearings (Fig. 47) Ground 20 4 
Cam Contour (Fig. 48) Grind 20 3 
Flywheel (Fig. 49) Ground 50 9 
Brake Drums (Fig. 50) Bored 110 8 


A Plan for Aircraft Expansion 


ET us assume that we, the present aircraft manufacturers, 

are given the responsibility for producing and filling all 
requirements of aircraft expansion for National defense. We 
should start right now and prepare an organization chart for 
such an emergency. Present key people would remain in 
their positions, but we must augment their force with those 
from other industries and direct them with the benefit of 
experience. 

We also have the problem of buildings, equipment, and 
tools. To start with tools, | would in peace time select in each 
type the best available airplane and put it in production in 
quantities such as now prevail but build sufficient tools to 
take care of emergency quantities in the desired time. Tools 
should be built and used but not to the capacity for which 
they are capable. Production would be the same as required 
by multiplicity of tools. However, the potential capacity is 
much greater by adding personnel. The benefit of the scheme 
lies in the fact that the tools are proved and leaders are being 
trained. 

Next come buildings. Anything that takes time to get, 
should be ready beforehand and I believe that, with a small 
investment, a nominal increase in floor space should be built. 
Special equipment, difficult to obtain, should be made avail- 
able. A certain amount of standard equipment could be pur- 
chased quickly or borrowed from other industries. 

Perhaps our best time yard stick is to have sufficient capac- 
ity to meet requirements with one shift. Multiply shifts by 
additional man power and all tools and you create a tremen- 
dous potential output. 

This plan provides active reserve at comparatively low cost 
without the danger of wasting capacity on obsolete airplanes. 

Excerpts from the paper: “Accelerated Aircraft Production 
for National Defense and Some of Its Effects on Organization 
and Personnel,” by P. N. Jansen, factory manager, Curtiss 
Aeroplane Division, Curtiss-Wright Corp., presented at the 
National Aircraft Production Meeting of the Society, Los 
Angeles, Calif., Oct. 5, 1939. 


The Wear of Crankshafts with 
“Lead-Bronze” Bearings 


By C. G. Williams and H. Ludicke 
Director of Research 
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ASE-HARDENING is a satisfactory means of 

reducing crankpin wear with “lead-bronze” 

or copper-lead bearings, the authors reveal. They 

report the results of tests to determine the relative 

wearing properties of various crankshaft materials 

when running against a typical copper-lead alloy 
bearing at a temperature of 212 F. 


In general and contrary to what was observed 
with the softer crankpin materials, bearing wear 
occurred more rapidly than crankpin wear, they 
divulge. this result being due largely to high in- 
itial wear of the bearings during the early part of 
the tests. Variations in composition — percentage 
of lead and tin, and hardness - of the copper-lead 
bearings did not have a marked effect on the wear 
obtained. they find. 


vor “lead bot has shown that the use of copper-lead 


or “lead-bronze” bearings in place of white-metal bear 

ings has eliminated the trouble of cracked bearings on 
automobile engines, but their use has, in some cases, resulted 
in appreciable journal wear. The object of the present tests 
was, therefore, to determine the relative wearing properties 
of various crankshaft materials when running against a typi- 
cal copper-lead alloy, at a bearing temperature of 212 F. 


Apparatus 


The testing machine, Figs. 1 and 2, used for the research 
was virtually a dummy engine in which the bearing under 
test was inserted in the big end of the connecting rod so that, 
when the machine was driven at a given speed by an electric 
motor, the big end was subjected to inertia forces the magni 
tude of which could be calculated. At any given speed, the 
torce could be varied by using “pistons” of different weights, 
the “piston” having no crown so that gas compression forces 
were not introduced. The inertia force for any position of 


{This paper was presented at the World 


: Automotive Engineering 
Congress of the Society, San Francisco, Calif 


. June 8, 1939.] 
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The crankpin materials tested, which were all 
ground-finished, are specified as: a nickel-chrome 
steel, heat-treated: a nickel steel, not heat-treated ; 
a nickel-chrome-molybdenum steel, both heat- 
treated and not heat-treated; a carbon steel, both 
heat-treated and not heat-treated; three cast mate- 
rials; three chromium-plated materials (two not 
ground); three other surface-hardening treat- 
ments, namely, carburizing. a proprietary harden- 
ing process, and nitriding. 


The testing machine used for the research is 
virtually a dummy engine in which the bearing 
under test was inserted in the big end of the con- 
necting rod so that, when the machine was driven 
at a given speed by an electric motor, the big end 
was subjected to inertia forces the magnitude of 
which could be calculated. 


the crank and connecting rod was obtained by compounding 
the inertia force due to the reciprocating mass of the piston, 
resolved along the connecting rod, with the centrifugal force 
acting on the big end. A polar diagram of the resultant forces 
acting on the big-end bearing shows that the loading is always 
on the inside of the crankpin, and experience with high-speed 
engines confirms that it is in this region that most of the 
wear occurs 

The form and dimensions of the test bearings are shown 
in Fig. 3, from which it will be realized that bearing sleeves, 
lined with any desired bearing metal, can be inserted in the 
rod for test purposes. The crankshaft of the machine is of 
built-up construction so that a crankpin of any desired crank- 
shaft material can be subjected to test, and subsequently re- 
moved for wear measurements. 

A closer examination of Fig. 2 shows that the crankshaft 
revolves in ball bearings, the crankpin being gripped in the 
crankarms by bolts passing through the split webs. The path 
of the oil for lubricating the bearing also is shown, and it 
can be seen that the oil pump 4 is driven independently by 
an electric motor. The rate of oil flow through the bearing 
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Fig. | — Photograph of big-end testing machine 


is determined by weighing, and the oil can be heated by an 
electrical element tank, B, 
mounted on the scale balance. An electrical air heater, C, 
is used for helping to maintain the bearing at any desired tem 


inserted in the bottom of the 


perature. The air is withdrawn from the crankcase by means 
of the centrifugal blower, D, passed through the heater and 
The air is thus circulated in a 
closed path with the result that loss of oil and loss of heat 
are minimized. Thermocouples inserted in the air circuit 
indicate the air temperature at the inlet and outlet of the 
crankcase. 


returned to the crankcase. 


The temperature at the bearing is measured by means ot a 
special thermocouple arrangement consisting of a copper-con- 
stantan thermocouple inserted in a hole in the crankpin less 
than ' in. from the wearing surface. The ends of the two 
thermocouple wires are soldered to two slip-rings, FE, of the 
same material as the thermocouple, while two stationary 
brushes, also of copper and of constantan, are attached to 
wires of corresponding materials which, at their other ends, 
form the cold junction. This thermocouple arrangement 
permits temperature readings to be recorded while the ma- 
chine is running at high speed. The accuracy and reliability 
of the method were tested by operating the machine with the 
crankpin, connecting rod, and piston removed, the rotating 
thermocouple being immersed in an oil bath at various known 
temperatures. 

In the present series of tests the crankshaft was rotated at 
3300 rpm, giving a rubbing speed of 756 fpm. The piston 
mass was such that the mean bearing pressure was 2500 |b 
per sq in., the maximum and minimum pressures being 4400 
and 670 |b per sq in., respectively. A new bearing and 
crankpin were used for each test and were run in carefully 
for 8 to 10 hr, during which the machine was operated for 
about 2 to 3 hr at under 200 rpm, followed by a gradual 
increase in speed up to 3300 rpm. Each bearing and crank- 
pin were run for a total test period of some 1oo hr, the ma- 
chine being stopped and dismantled at intervals of about 20 


hr in order to take measurements of wear. The radial wear 
of the crankpin was determined by means of a comparator 
gage measuring to an accuracy of 1/50,000 in., while the 
diametral wear of the bearing was determined by means of 
a dial-gage instrument of similar accuracy. The average 
maximum wear measured was then plotted against running 
time. 

A mineral oil having viscosity of 890 Saybolt sec at 100 F, 
and of 82.4 Saybolt sec at the test temperature of 212 F, was 
used throughout the tests, the oil pressure being initially 
about 50 Ib per sq in. and the oil flow 7.2 pt per hr. The 
bearings were assembled with a diametral clearance of 0.001 
to 0.0015 in. 

The bearings were prepared by a specialist firm and were 
lined statically. The shell, after being filled with metal, was 
placed on a suitable die and passed through a furnace. After 
a predetermined time the bearings were removed and water 
cooled. . 

Analysis of typical bearings showed a lead content between 


26 and 30% with small additions of tin, there being unin 








Fig. 2— Diagrammatic arrangement of big-end testing machine 


tentional variations in composition, microstructure, and hard 
ness, which are discussed in the report. 

The crankpin materials tested, which were all 
finished, comprised the following: 


ground 


A nickel-chrome steel, heat-treated: 

A nickel steel, not heat-treated: 

A nickel-chrome-molybdenum steel, both heat-treated anc 
not heat-treated; 

A carbon steel, both heat-treated and not heat-treated: 

Three cast materials: 

Three chromium-plated materials (two not ground); 

Three other surface-hardening treatments, namely, cat 
burizing, a proprietary hardening process, and nitriding. 


Test Results 


Two tests were carried out using nickel-chrome steel crank 


pins, the composition and hardness of which are given in 
Table 1: 


Table 1— Plain Carbon and Alloy Steels 
Hardness V. P. N. Composition, % 
Un- Heat- 

Material Treated Treated C Si 8 P Mn Ni Cr Mo 
Ni-Cr Steel 5 260 0.38 0.24 0.025 0.025 0.53 1.3 0.59 
0.5% C Steel. 164 255 0.515 0.10 0.028 0.028 0.63 
1.0% Ni Steel... 208 P 0.365 0.23 0.037 0.035 0.80 0.74 
Ni-Cr-Mo Steel.. 373 326 «©60.365 0.19 0.029 0.03 0.48 2.08 1.16 0.35 
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Fig. 3 — Big-end test bearings 


The bearings were nominally similar, but examination 
showed them to differ in composition, hardness, and struc 
ture. The microstructures are given in Fig. 4, where a micro 
structure of the crankpin material also is given. It will be 
seen that, in bearing 4, the lead was evenly and finely dis 
tributed in the copper matrix, while the lead in bearing B 
was of a coarse grain and showed a tendency to segregation. 
Analysis showed that bearing 4 had a composition of 26.8% 
Pb and 0.99% Sn, while bearing B had the slightly higher 


lead content of 29.3% and a lower tin content of 0.57%. The 
bearing 4A had a Vickers hardness of 70 while B had a hard- 


ness of 42. The greater hardness of bearing 4 probably was 











Fig. 4-— Microstructure of bearing A, bearing B, and nickel- 
chromium crankpin 





WEAR OF CRANKSHAFTS 9 


caused by the higher tin content, while the combination of 
higher lead and lower tin in bearing B may have been respon 
sible for the structure and lower hardness. 

In Fig. 5, the maximum wear of the crankpin, which oc 
curs on the side of the pin nearest the crankshaft axis, is 
plotted against running time, and it will be observed that, 
apart from a slight difference at the beginning of the tests 
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Fig. 5— Maximum wear of nickel-chrome steel crankpins versus 
running time for two compositions of copper-lead bearing 
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Fig. 6- Maximum wear of copper-lead bearings of different 
composition versus running time —Nickel-chrome steel crank- 
pins 
while running-in was being completed, the rates of wear 


were the same. The bearing wear, measured in line with 


the axis of the connecting rod, is shown plotted in Fig. 6, and 
also indicates similarity in rates of wear. 

These results therefore suggest that the foregoing varia 
tions in composition, and so on, of the copper-lead bearings 
did not have a marked effect on the wear obtained. 


Plain Carbon and Alloy Steels 


A number of steel specimens were obtained in bar form, 
the compositions and hardnesses being given in Table 1. The 
materials were machined and, where heat-treatment was car 
ried out, the specimens were quenched at 820 to 850 C and 
tempered at 650 C. 

The reduc 
tion in both crankpin and bearing wear, caused by heat 
treating the 0.5% C steel whereby the Vickers hardness was 
increased from 164 to 255, can be seen from the graphs. The 
crankpin wear was reduced approximately in the ratio of 2:1, 
while bearing wear was reduced in the ratio of 5:1. An un 
treated 1.0% Ni steel, having a Vickers hardness of 208, 
gave a high rate of crankpin wear similar to that obtained 
with the untreated 0.5% C steel. Owing to the extreme 


The wear results are given in Figs. 7 and 8. 
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Fig. 7-Crankpin wear-test results using a number of plain 
carbon and alloy-steel crankpins in copper-lead bearings 


rates of wear which occurred with the untreated 0.5% C 
and the 1.0% Ni steels, the tests were discontinued after 
comparatively short running periods. The results obtained 
on the 1.0% Ni steel after heat-treatment are not yet avail- 
able. 

The heat-treatment of the Ni-Cr-Mo steel suggested by the 
manufacturer resulted in a reduction in the hardness of the 
material from 373 to 326 Vickers. In the untreated state, 
the crankpin gave a very low rate of wear, while the wear 
of the heat-treated crankpin was about eight times as great. 

The microstructures of the steels before and after heat- 
treatment are given in Fig. 9. Both the 0.5% C untreated 
and the 1.0% Ni steels had a territe-pearlite structure. After 


heat-treatment, the 0.5% C steel showed a sorbitic structure 
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Fig. 9— Microstructures of crankpin steels before and after 
heat-treatment 


Fig. 8 — Bearing wear-test results using a number of plain car- 
bon and alloy-steel crankpins in copper-lead bearings 


with accompanying reduced crankshaft wear. The Ni-C: 
Mo steel, before heat-treatment, also showed a sorbitic struc 
ture which was refined by heat-treatment. In view of the 
similarity of structure of the heat-treated 0.5% C and the 
heat-treated and untreated Ni-Cr-Mo steels, crankpin wear 
of these materials could not be related to the microstructure, 
The 
bearing wear with the pearlitic steel crankshafts was very 
much higher than that with the sorbitic steels. 


but was found to decrease with increase in hardness. 


Cast Materials 


Three cast materials were tested, the compositions and 
hardnesses being given in Table 2 and the microstructures in 
Fig. 10. The “cast-alloy” iron is used for crankshafts by a 


‘ 


arge firm, the “cast steel’ was used to a limited extent by 
large firm, the “cast steel ised t limited extent | 
another firm, while the “cast iron” is now being used to 


limited extent for crankshafts by at least two firms. 


The wear results, plotted in Figs. 11 and 12, show that 
the cast-alloy crankpin gave the best performance both with 
regard to bearing and crankpin wear. Neglecting the initial 
running-in period, the crankpin and bearing wear with cast 
steel was about three times that with the cast alloy. During 
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Fig. 10 — Microstructures of the three cast materials tested, the 
cast-iron structure being shown heat-treated and untreated 
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Fig. 11 - Crankpin wear-test results using three cast crankpins 


the test with the cast iron, the crankpin broke after a run 
ning period of 55 hr, but sufficient wear measurements were 
obtained to indicate that the rates of wear were similar to 
those obtained with cast steel. With a flame-hardened cast- 
iron crankpin and an_ oil-quenched heat-treated cast-iron 


Table 2— Cast Materials 


Composition, % 


Hardness, —_—-— - EE a . 
Material V.PN. C Si 8 P Mn Ni Cr Mo Cu 
Cast “Alloy” 330 2 1.76 0.47 0.03 0.55 2.58 
Cast Steel 276 0.3 0.2 0.038 0.035 0.80 2.47 0.42 035 ; 
Cast Iron 270 2.94 13 014 O.12 095 ; os 13 


crankpin, fracture occurred after about 2 hr run so that no 
wear results were obtained. Similarly, a cast-steel crankpin, 
flame-hardened to 650 V.P.H., also failed after running a 
period of 16 hr so that no reliable wear results were obtained. 

The cast steel and the cast iron, having different structures 
but a similar hardness of approximately 270 Vickers, gave 
similar rates of bearing and crankpin wear. The cast-alloy 
material, having a sorbitic structure and a hardness of 330 
Vickers, gave lower rates of wear. A microstructure of the 
heat-treated cast-iron crankpin which, as already mentioned, 
failed during test, also is given in Fig. 10. 

The cast steel had a composition similar to that of the 
forged Ni-Cr-Mo steel, discussed in the previous section of 
this report, and was also of similar hardness but the micro- 
structures were different. The wear of the cast material was 
lower than that of the forged material, but it was not as low 
as that of forged steel with a higher hardness of 375 Vickers. 


Surface-Hardened Crankpins 


Chromium-Plated — The wear results obtained with three 
chromium-plated crankpins are given in Figs. 13 and 14. 
The crankpin 4 was plated by one firm, while crankpins 
B and C were plated by another firm. Crankpin 4 was 
ground, while B and C were tested as plated. 

The deposit thickness was determined by grinding a flat 
on the cylindrical surface of the crankpins and etching with 
copper sulphate, while the surface hardness was obtained with 
the Vickers machine and, also, with a scratch hardness tester 
using a Vickers diamond under a load of 200 g. 

The thickness and hardness of the deposits were as follows: 


Deposit Scratch Hardness, ¥. 2. 8. 

Crankpin rhickness, in. Ocular Reading, mm Hardness 
A 0.0025 0.028 876 
B 0.0010 0.029 498 
Cc 0.0022 0.027 $20 
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It will be observed that the thickness of the plate on B was 
less than half that on A and C. The scratch hardness was 
approximately the same for 4, B, and C; the lower Vickers 
penetration hardness of B was, no doubt, apparent and due 
to the fact that the Vickers machine is not suitable for mea 
suring the hardness of deposits as thin as that of B. 

The wear results in Fig. 13 show that the crankpins with 
the relatively thick deposits gave twice the rate of wear of the 
crankpin having the thin deposit. In order to compare the 
rate of wear of the plated crankpins with that of a crankshaft 
steel, the results obtained with the Ni-Cr steel crankpin have 
been reproduced in Fig. 13. The comparison shows that 
there appears to be little advantage in using chromium-plated 
crankpins. 

As was observed with other case-hardening processes, there 
was a tendency for rapid initial bearing wear to occur, see 
Fig. 14, which probably was associated with the completion 
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Fig. 12-—Bearing wear-test results using three cast crankpins 
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Fig. 13-Crankpin wear-test results using three chromium- 
plated crankpins 
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Fig. 14 — Bearing wear -test results using three chromium-plated 
crankpins 
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of the running-in or “polishing” of the crankpin. This action 
was especially marked with crankpin B which caused an 
initial bearing wear of over 0.002 in. before running-in was 
complete. This effect undoubtedly would depend to a large 
extent on the initial surface finish of the crankpin. Fig. 14 
shows that the bearing wear with the chromium-plated crank- 
pins was similar to that obtained with the unplated crankpin. 




















Fig. 15 — Microstructures of the three case-hardened crankpins 
tested showing the nature and depth of the surface hardening 
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Fig. 16 — Crankpin wear-test results using case-hardened crank- 
pins, one carburized and one nitrided 
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Fig. 17 — Bearing wear-test results using case-hardened crank- 
pins, one carburized and one nitrided 


Case-Hardened Crankpins 


The surtace-hardened materials tested were: a. a carburized 
crankpin with a Vickers hardness of 886; b. a nitrided crank 
pin with a Vickers hardness of 1150; and c. a crankpin 
hardened by a proprietary process to a Vickers hardness of 
746. In the last process it is claimed that the outer surface of 
the material is converted into a ferrous alloy containing alu 
minium, silicon, and chromium. Microphotographs of the 
three crankpins, indicating the nature and depth of the sur- 
face hardening, are given in Fig. 15. 

The results of wear tests on the carburized and_nitrided 
crankpins are given in Figs. 16 and 17. The crankpin and 
bearing wear with the nitrided crankpin was very low. With 
the carburized crankpin, the crankpin wear was of the same 
order as that observed with the nitrided crankpin. On the 
other hand, the bearing showed high initial wear, which sub 
sequently fell to a lower value which was, however, about 
three times as great as the bearing wear obtained with the 
nitrided crankpin. There was no doubt that the initial sur- 
face finish of the nitrided crankpin was superior to that of the 
carburized crankpin. 

The results of tests carried out on the crankpin case- 
hardened by the proprietary process are given in Figs. 18 
and 19, one crankpin being run successively against three 
bearings A, B, and C. It will be seen that bearing A suffered 
extremely high initial wear during a very short running 
period and that, although there was a tendency for the wear 
to fall off as the test proceeded, the rate of wear remained 
very high. An examination of the bearing after a 45-hr run 
showed that pieces of bearing material had broken away from 
the backing, subsequent examination suggesting that this con- 
dition was due to bad bonding. The bearing B showed high 
initial wear, though not as great as bearing A, followed by a 
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Fig. 19-—Bearing wear-test results using a crankpin case- 
hardened by a proprietary process and three bearings 
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Fig. 20 - Summarized results of crankpin and bearing wear tests 
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comparatively low rate of wear; while the wear of bearing C 
was extremely low with practically no initial wear. 

The crankpin wear with the three bearings is shown in 
Fig. 18; it was, on the whole, very low, being greatest with 
the first bearing tested. The total crankpin wear in 200 hr 
was only 0.0006 in. 

The results of the foregoing tests show that case-hardening 
is a satisfactory means of reducing crankpin wear with copper- 
lead bearings. Compared with a Ni-Cr steel, the wear with 
the three case-hardening processes was about one-fourth. In 
general, and contrary to what was observed with the softer 
crankpin materials, bearing wear occurred more rapidly than 
crankpin wear, this being due largely to high initial wear of 
the bearings during the early part of the tests. As already 
stated, it is highly probable that, with hardened crankpins, 
surface finish of the crankpin plays a very important part in 
determining the amount of this initial bearing wear. In the 
present tests the crankpins had been ground to a fine finish 
which could, however, have been improved by a lapping or 
buffing process. 

Conclusion 


The results obtained are summarized graphically in Fig. 20. 
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Cadmium-Alloy Bearing Materials 


ADMIUM alloys are the most modern automotive bearing 

materials. The development work that brought these 
bearings into a commercial state of use has been fully justified 
in that they are capable of giving a greatly improved fatigue 
life over the babbitts. 

It is now known generally that, when these materials were 
put in production, certain oils were found to develop acids. 
These acids were formed by the oxidation of the lubricant in 
the engine. To show how effective the engines can be in 
this action, it was possible to fill the oil pan with new oil 
of the right (?) variety and operate on the road at moderately 
high speed for 500 miles. The bearings would have increased 
in clearance so that the car could no longer be driven. As in 
the case of unsuitable lead, the alloy would be dissolved into 
the oil. At that time it was necessary to use oils that would 
not form acids under the operating conditions. This naturally 
involved the consideration of the oil and led to a series of dis 
cussions. We believe that out of this has come a better gen 
eral understanding of the effect of oil on bearing materials 
not only cadmium — and in the long run will be admitted to 
have opened up research that will give us better bearings and 
better oils. While the oil research showed what could be 
done to the oil, Mr. Smart began a series of experiments on 
the bearing. After trying most of the impossible alloying 
elements, he found that the relatively rare metal, indium, was 
the only one that could be used commercially to produce cor 
rosion-resistant bearings. 

There is one serious disadvantage to the use of indium and 
that is the price of as much as $450 per lb. Although only a 
fraction of one per cent is necessary, the cost per bearing is 
considerable. However, it must be remembered that cadmium 
bearing alloys without indium can be used in engines having 
oil temperatures that do not form acids in these certain oils. 

Excerpts from the paper: “Corrosion of Bearing Materials,” 
by Arthur F. Underwood, Research Laboratories Division, 
General Motors Corp., presented at the Metropolitan Section 
Meeting of the Society, New York, N. Y., March 9, 1939. 
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Relation of Diesel Fuel Properties 


to their Engine Performance 


By W. 5S. Mount and G. A. Hope 


Socony-Vacuum Oil Co., Inc. 


HAT reasonably good diesel fuel quality pays 

dividends is indicated by tests covering a good 
cross-section of present-day engine construction, 
the authors reveal. Beyond this point, there is 
little to be gained, they believe. and the most 
promising means of improving engine perform- 
ance is in the hands of the engine designer and 


builder. 


The determination of suitable fuel character- 
istics for the modern high-speed diesel engine, 
they explain, resolves itself into two basic prob- 
lems. The first is named as that involving engine 
life and maintenance costs, both of which are 
studied most satisfactorily in the field. The sec- 
ond problem is covered in their paper, and deals 
with engine performance as evidenced immedi- 


ately after the fuel is put into the engine, they 
announce. 


An attempt was made, they report. to handle 
the test equipment in a manner which yields re- 
sults directly applicable to the customer’s prob- 
lems. The viewpoint, therefore, is that of the 
fuel supplier and, in analyzing the data obtained, 
they take care to assign proper weight to the per- 
formance improvements obtainable from high- 
quality fuels as compared with improvements 
which the engine manufacturer may consider in 
making minor design alterations. 


HE correlation of engine tests run under more or less 
constant laboratory conditions with results obtained in 
actual field operation, frequently has been difficult be- 
cause of the great variety of service requirements which 
modern engines are called upon to meet. 
In view of these circumstances an investigation of fuel 
characteristics was undertaken which would emphasize tests 
corresponding closely to customer requirements. 





[This paper was presented at the World Automotive Engineering Congress 
of the Society, New York, N. Y., May 22, 1939.] 
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At the start it was assumed that diesel-engine builders have 
produced engines designed to the best of their ability in 
consideration of manufacturing costs, and it was up to the 
fuel suppliers to market the most suitable product consistent 
with refinery costs. In the course of the work it became 
increasingly evident that such an outlook was somewhat 
generous and many improvements in diesel-engine operation 
could be made profitably by minor design improvements, 
rather than by use of higher-quality fuels. This paper, there- 
fore, represents a study of some of the fundamentals which 
might point to effective means for improving the performance 
of existing high-speed diesel engines. A large amount of data 
has been obtained, and only the more obvious conclusions 
have been drawn from the material available. 

Not all of the aspects of diesel fuel problems have been 
explored. Only those problems which lend themselves to 
ready solution in the laboratory were attempted. Among 
these are the short-time tests involving engine performance 
and more precise measurements of combustion phenomena. 
The somewhat more formidable tests of combustion-chamber 
deposits, gum formation, crankcase contamination, engine 
wear, and similar long-time investigations have been omitted 
from this discussion. 


Diesel-Engine Equipment 
A total of seven engines were used in the work and all of 
them were of the high-speed type in which the sizes ranged 
from 3 hp to 75 hp per cyl. In this way a suitable cross 
section was obtained of the engines generally considered to 
be of the more critical type from a fuel-requirement stand- 
point. Selection of a sufficient number of engines was con- 


sidered to be of greatest importance in order to obtain data 
of the widest application. 


Laboratory Test Equipment 

The presentation of data was simplified by the use of 
motion pictures which were used to record the combustion 
process as indicated by a cathode-ray oscillograph. Emphasis 
was placed upon the type of data which is considered funda- 
mental in nature. The measurements fall into two classes: 
first, those involving the performance of the engine as evi- 
denced by power, fuel consumption, exhaust smoke; and, 
second, those having a direct bearing upon the combustion 
pro@ess. 


The equipment employed is considered suitable for com- 
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Table 1 
Savbolt 
sec 
Fuel Viseositvy Cetane 
No. Description of Fuel Source at 100F Number 
1. Straight-Run Gas Oil Midcontinent 36 55 
2. Straight-Run Gas Oil Midcontinent 50 55 
3. Sample No. 1+1% Dope Midcontinent 36 68 
4. Cracked Distillate Midcontinent 34 4] 
5. Sample No. 44+1% Dope Midcontinent 34 54 
6. Straight-Run Gas Oil California 36 47 
7. Straight-Run Gas Oil California 52 43 
&. Straight-Run Distillate California 33 43 
9. Cracked Distillate California 35 34 
10. Straight-Run Gas Oil Pennsylvania 43 62 
11. Straight-Run Gas Oil Pennsylvania 51 63 
12. Reference-Fuel Blend 67.4°% High Cetane 
Reference Fue! 35 51 


32.6% Methylnaphthalene 


Note: — Fuels Nos. 1 to 12 are those used by CFR, C.I. Committee. 


parative measurements of ignition delay, combustion rate, 
combustion pressures, and engine roughness. The pressure- 
time indicator cards also are considered reasonably accurate 
for quantitative measurements. 


Influence of Fuel Characteristics 


The supply of diesel fuels would be broadened greatly and 
the problem of obtaining them would be simplified by the 
use of materials which may be made from a wider variety of 
stocks than those now considered suitable for diesel-engine 
usage. There has been some prejudice against the use of 
cracked fuels, high-viscosity products, fuels containing dopes, 
and those of low volatility. This prejudice, on the whole, has 
been justified since no real evidence exists to show clearly 
that fuels of the less conventional types are suitable. While 
considerable work remains to be done before limits can be set 
to define the characteristics of such products, there is good 


Table 2 
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Influence of Fuel Characteristics Upon Combustion 





Open Chamber Type Diesel 


CFR High- 
Distillation ———_—— - Turbulence 
Characteristics Maximum Diesel 
- + —---—_- - Maximum Rate Maximum 
Final Combustion Start of Pressure Combustion 
Boiling Pressure Combustion, Rise Pressure 
90%, F Point, F Ibpersqin. deg BTC th/sq in./deg |b per sq in. 
597 640 700 7.0 29 755 
701 725 675 7.8 30 745 
597 642 700 8.9 19 735 
565 637 725 5.9 34 835 
570 643 710 7.5 33 725 
625 708 710 7.8 34 800 
737 741 700 7.8 36 710 
500 539 720 7.5 36 735 
562 655 755 4.6 53 845 
655 708 725 7.5 26 750 
690 721 715 9.2 28 740 
602 689 725 7.0 36 715 


indication that, when the cetane number of the fuel meets the 
requirement of the engine, rather wide deviations from con- 
ventional products have no great influence upon the combus- 
tion process. For instance, in one series of tests in an open- 
chamber type engine, the fuel characteristics varied over the 
following range: 





Crude Source: Midcontinent, Pennsylvaria, California 
Viscosity : 33 to 52 Saybolt see at 100F 
Cetane Number: 34 to 68 (Delay Method) 
Volatility: 500 to 737F at 90% (ASTM Distillation) 
539 to 741F Final Boiling Point 
(ASTM Distillation) 


In the particular engine used, the ignition quality of the 
fuel and its effect upon the delay angle appeared to be the 
only factor which caused any appreciable variation in the 


Inspection Tests of Fuels Nos. 13 to 26 


NE ETRE 


Fuel No 13 14 15 16 17 


18 19 20 21 22 23 24 26 
Penn. Midcont. Cracked S/V Low High- Recycle No. 1 E. Texas Midcont. High-End- High Vis. Doped High 
Description St. Run St. Run Midcont. Cetane Viscosity Stock Furnace Low- St. Run Point High End Cracked Cetane 
Ref. Fuel Fuel Low- il Cetane Fuel Point + Fuel Ref. Fuel 

Cetane Fuel Dope 

Fuel 
Cetane Number 66 53 35 20 55 44 533 38 57 53 53 53 SU 
Gravity, deg API 38.6 38.1 26.5 27.7 35.3 28.9 41.8 27 37.9 28.7 30.1 32.4 42.3 
Viscosity at 100F,Saybolt see 41 35 40 31 61.5 39 31.3 54.6 35 58 73 38 37.5 
Aniline Cloud Point 178 151 93 200.6 134.6 143.8 147.7 173 18] 140 
Flash P.M., F 180 150 76 - 133 156 216 310 90 
Pour Point, F +10 +5 —0 ee 7 ; +15 
Sulphur, % by weight .09 24 58 01 13 36 29 34 34 
Carbon Residue, % by weight .003 006 017 003 172 .184 038 02 
ASTM Distillation: 

Initial Boiling Pt, F 377 350 240 314 381 366 348 376 367 410 563 221 362 
10% 477 412 402 365 474 482 392 $75 434 535 595 437 443 
20% 503 441 447 378 515 505 403 500 463 576 608 472 470 
30% 521 463 466 391 542 518 410 520 480 599 613 492 490 
40%, 538 480 483 404 572 532 418 539 497 613 618 512 508 
50% 552 498 502 417 609 548 425 561 512 623 625 526 524 
60% 565 513 522 429 643 566 432 592 527 631 635 542 541 
70% 586 535 539 444 658 587 439 633 541 643 652 560 560 
80%, 610 558 564 459 671 615 448 664 558 663 687 582 584 
90% 644 595 612 479 680 657 463 688 579 788 915 618 §22 

Fina! Boiling Pt, F 704 630 680 537 712 502 635 - 676 698 


Note: — Fuels 17, 18, 19, 20, and 21 used in motion pictures only. 
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Table 3 — Effect of Fuel Characteristics Upon Engine Performance 


High-Turbulence Automotive Type Diesel 


Fuel Consumption 


Cetane lb per 
Fuel Number bhp-hr 
Pennsylvania Straight Run No. 13 66 0.544 
High End Point No. 22 53 0.568 
High Viscosity, High-End Point 
+ Fuel Dope No. 23 53 0.584 
Cracked Midcontinent + Fuel 
Dope No. 24 53 0.560 
Midcontinent Straight Run No. 14 53 0.542 
Cracked Midcontinent No. 15 35 0.561 


Injection Rate, Maximum Exhaust Combustion 


mpg Ib/min Bhp Smoke Knock 
3.66 0.974 110.3. Medium Gray Light Medium 
3.73 1.05 105.9 Gray Medium 

3.59 1.04 102.7 Medium Gray Medium 

3.70 1.02 107.1 Medium Gray Light Medium 
3.69 0.983 110.7 Medium Gray Medium 

3.83 1.06 107 .1 Medium Gray Medium 


Note: — Maximum brake horsepower corrected for differences in injection rate 


Water-Jacket Temperature 
Oil Sump Temperature 
Engine Speed 


165 I 
185 F 
1375 rpm 


combustion process as indicated by the pressure cards. Of 
course, there is a certain correlation between the cetane num 
ber and physical properties, and there is no proof that ignition 
quality was the single factor controlling the combustion. On 
the other hand, the data indicate that, if the cetane-number 
value is right, it will be possible to predict the probable com 
bustion course with reasonable accuracy. 

The influence of low cetane number is toward longer 
ignition delay, higher combustion rates after ignition occurs, 
and higher maximum firing pressures. The extent of this 
influence is given in Table 1 where fuel changes of from 34 
to 62 cetane number dropped the firing pressure from 755 to 
725 |b per sq in., advanced the time of ignition of the fuel 
from 4.6 to 


—~o- 


7.5 deg BTC and reduced the pressure rise rate 
from 53 to 26 lb/sq in./deg. Table 2 gives inspection tests of 
Fuels Nos. 13 to 26. 

Economy of operation and engine power warrant impor 
tant consideration in a study of this kind. To cover this 
aspect of the fuel requirement problem another selection of 
fuels was made. Table 3 shows relative performance data for 
fuels of six kinds in a series where ignition quality was 
controlled to a constant value for four different types of 
product. Extreme variations in physical characteristics may 
produce 8% total change in power and fuel economy, the 
more volatile straight-run products being favored slightly in 
these respects. The very heavy product also forms slightly 
more exhaust smoke than the conventional diesel fuel. Grav- 
ity and its resultant influence upon Btu value seems to be the 
most important factor in estimating probable fuel economy or 
maximum power. 


Cetane Requirements for Smooth Combustion 


Attempts have been made by various observers to calcula 
probable engine roughness from the shape of the pressure 
time cards, but this method has not always met with success 
and the term “engine roughness” is a somewhat indefinite 
term. In the final analysis, it is the influence upon engine 
life and the reaction of the customer which are important. 
The reduction in engine life is difficult to evaluate, but it is 
possible to evaluate closely the audible combustion knock by 
the use of a microphone suspended about a foot away from 
the engine. 

As would be expected “rough running” of a diesel engin 
finds its source in the combustion chamber. High combustion 
pressures combined with rapid pressure fluctuations cause 
very high stresses in the surrounding metal parts. The engine 
structure, being elastic to a certain extent, deflects in propor 
tion to the stress applied by the combustion pressure. Sound 
waves are formed at certain vibration frequencies, and it is 
these phenomena in which we are interested. On the other 
hand, deflections caused by loads changing at fairly low fre- 
quency cause the engine to vibrate on its supports but do not 
contribute much to audible sounds. 

Any change in pressure in the combustion chamber which 
is of sufficient magnitude and which occurs in a very short 
time period will tend to produce sound waves. Consequently, 
those fuels showing the highest combustion pressures and 
others having the most rapid combustion rates should logically 
produce the most combustion noise. Suitable examples are 
presented in Table 4. 


Table 4—Influence of Cetane Number Upon Combustion in an Open-Chamber 8 x 10-In. Diesel Engine 


Maximum 


Start of Rate of 


Maximum 
Combustion, 


Fuel 
Fuel Cetane No. Combustion, Pressure Rise, Pressure, Combustion Consumption, 
No. of Fuel deg BTC lb per sq in. per deg lb per sq in. Knock lb per bhp-hr 
Maximum Load at 750 RPM 
26 SO 30 1170 Medium 
14 53 30 1150 Medium he 
15 35 11 40 1230 Medium-Heavy 0.452 
One-Third Load at 400 RPM 
26 80 5 60 820 Light-Medium 
14 53 3 75 740 Medium 
15 35 l 100 760 Medium-Heavy 
16+13 25 TDC 150 810 Heavy 
Idling at 400 RPM 
26 80 TDC 50 630 Medium 
14 53 1 ATC 60 640 Heavy 
15 35 4 ATC 60 660 Very Heavy 


Note: - Injection timing varied automatically 


with load and speed. 
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The combustion knock is radiated with the greatest inten 
sity by the lighter unsupported metallic surfaces. The com- 
bustion noise as measured by the knock-intensity device is 
reduced by increasing the cetane number about ro units above 
the absolute minimum value. The improvement beyond that 
point is small, especially if the design is one in which con 
siderable knock is produced. 


Influence of Load and Speed 


The kind of service in which an engine will be used has an 
appreciable influence upon the quality of the fuel required. 
Most engines are more critical of fuel quality under lighter 
load conditions or under any condition which tends to reduce 
the temperature inside the combustion chamber. Such con 
ditions vary with the service over wide limits, even for a 
given engine make and model, and operating factors should 
be studied carefully in the light of a proper selection of fuel. 

In one series of tests an open-chamber type diesel was 
operated at three load conditions ranging from idling up to 
full load at rated speed. The minimum cetane number re- 
quirement varied as follows: 


Table 5 


Minimum 
: Cetane Number 
Water-Jacket for Ignition 


Load Speed, rpm Temperature, F of Fuel 
Full Load 750 160 25 
One-Third Load 400 160 30 
Idling 100 160 35 
Starting from Cold 50 35 


The minimum cetane number for this engine would be 35 
for the conditions subscribed in Table 4 but, if good general 
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operation is desired, the fuel used should be between 40 and 
45 cetane number. 

It is obvious that the absolute minimum cetane-number 
requirement for a diesel engine is of no practical significance, 
since the fuel should always have a certain margin of quality 
for smooth engine operation. Just how much margin is 
required depends again upon the load. Table 6 shows how 
a high-turbulence type automotive diesel performs with th« 
fuels of increasing ignition quality. 

This engine should have a fuel of at least 50 cetane number 
at one-third load, but will run on 39 cetane-number fuel at 
maximum load. Because of the longer time available for 
combustion at idling speeds, the engine is not very critical at 
450 rpm, no load. 

The most critical conditions outside of starting cold obtain 
at high speed under no load. Such a small quantity of fuel 
is injected that unstable operation of the injector occurs, and 
a poor injection spray is produced. This, combined with the 
shorter time available for ignition, renders the engine in 
capable of positive ignition of the fuel. Such a condition is 
encountered frequently in truck operation on deceleration of 
the engine. 

Increases in speed with the engine under load appear to 
improve the combustion process. Table 7 shows how the 
ignition delay is shortened when the engine is speeded up 
from goo to 1800 rpm. A Midcontinent fuel of 53 cetane 
number was used in the tests. Examination of the indicator 
cards accompanying the data indicates that improvements of 
only a minor nature could be effected by the use of high 
quality fuels in this high-turbulence type engine. 

There are other types of engines in which a combination of 
low speed and full throttle cause high combustion pressures. 
The data shown in Table 8 indicate firing pressures may 
range from 880 lb per sq in. at normal speeds of 1400 rpm 
to 1070 lb per sq in. at 600 rpm. 


Table 6~— Influence of Operating Load Upon Sensitivity to Fuel Cetane Number — High-Speed Automotive-Type Diesel Engine 
Cetane No \pproximate Water Jacket Exhaust Knock 
of Fuel Speed, rpm Bhp Temperature, F Smoke Intensity Misfiring 
Maximum Load —- Normal Water-Jacket Temperature 
62 1400 90 165 Medium-Gray Light None 
56 1400 90 165 Medium-Gray Light None 
47 1400 90 165 Medium-Gray Light None 
39 1400 90 165 Medium-Gray Light None 
One-Third Maximum Load — Normal Water-Jacket Temperature 
62 1400 32 165 Light Light-Medium None 
56 1400 32 165 Light Light-Medium None 
47 1400 32 165 Light Light-Medium Intermittent one cylinder 
39 1400 32 165 Medium Medium-Heavy Very bad 
Idling - Normal Water-Jacket Temperature 
62 450 165 Light Medium None 
56 450 165 Light Medium None 
47 150 ant 165 Light Medium None 
39 450 165 Light Medium-Heavy None 


Note: — Fuels are blends of No. 16 and No. 13. 


Table 7 — Effect of Speed Upon Combustion and Injection Characteristics 


Maximum 
Compression __ Firing 
Speed, Ignition, Delay, Pressure, Pressure, 
rpm deg sec lb per sq in. lb persqin. 
900 10 0.00185 560 750 
1200 9 0.00125 600 750 
1450 5 0.00057 630 740 
1800 + 0.00037 660 900 


Note: — High-Speed Automotive-Type Diesel Engine 
High-Turbulence Combustion Chamber 
Operating Condition — Ful! Load 
Fuel Used — No. 14 


Actual Maximum Duration Specific Relative 


Injection Ignition of Fuel Fuel 
Timing, Pressure, Injection, Consumption, Quantity 
deg BTC lbpersgqin. deg lb persqin. Injected, % 

9 1800 30 0.466 91 

8 1550 28 0.476 94 

6 1700 28 0.488 96 

2 2350 23 0.536 100 
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The changes in combustion process resulting from normal 
load variations are great by comparison with any possible 
effect of improved ignition quality of the fuel. It is not 





Table 8—Combustion Characteristics of Midcontinent Diesel 
Fuel at Varying Speeds 
(High-Speed Automotive-Type Diesel Engine, Open- 
Chamber Type) 





Maximum Firing Pressure, 


Speed, rpm lb per sq In. 


1800 800 
1600 850 
1400 880 
1200 1000 

900 1030 


600 1070 
Note: — Fuel Used — No. 14 


simply will not run. Previous data have shown how low 
temperatures accompanying light loads have made it neces. 
sary for engines to use higher cetane fuel than that normally 
supplied. If the temperatures and loads both fall, further 
increases in cetane number are required. 

Table 9 shows how a drop in water-jacket temperature 
from 165 F to 130 F raised the cetane requirement from 50 
to 54 on a high-turbulence type diesel engine. Still further 
data in Table 10 indicate how much increase in combustion 
knock accompanies the low-temperature condition. The com- 
bustion efficiency does not appear to be impaired by the lower 
water temperatures since the exhaust remains equally clear at 
the hot and cold conditions. Thickening of the lubricating 
oil due to lower temperatures affects the fuel consumption 
and the output by reason of the greater friction losses which 
result. 


While the starting tests conducted in this investigation are 


Table 9— Minimum Cetane Requirement at Normal and Low Jacket-Water Temperature 





Cetane No. Water Jacket 


(High-Speed Automotive-Type Diesel Engine) Approximately 32 Hp—1/3 Load 


of Fuel Speed, rpm Temperature, F Exhaust Smoke Knock Intensity Misfiring 
Normal Water 
Temperature 
62 1400 165 Light Light-Medium None 
56 1400 165 Light Light-Medium None 
47 1400 165 Light Light-Medium Intermittent one cylinder 
39 1400 165 Medium Medium-Heavy Very bad 
Low Water 
Temperature 
62 1400 130 Light Light-Medium None 
56 1400 130 Light Light-Medium None 
47 1400 130 Medium-Gray Medium Very bad 
39 1400 130 Heavy-Gray Intermittent and Heavy Very bad 


Note: Fuels Used — Blends of No. 13 and No. 15. 


Table 10 -— Effect of Water-Jacket Temperature Upon Engine Performance 


Water 


Fuel Cetane Number Bhp Temperature, F 

66 Cetane No. Pennsylvania 28.4 180 
Straight-Run Fuel No. 13 27 2 150 
25.0 112 

23.0 80 

21.8 65 

53 Cetane No. Midcontinent 29.0 180 
Straight-Run Fuel No. 14 2d .4 150 
25.0 120 

22.0 80 

21.2 60 

35 Cetane No. Midcontinent a8 180 
Cracked Fuel No. 15 13.8 210 


Note: Engine is a 6-cyl high-turbulence type. 


inferred from this that improvements in fuel quality are not 
important. It is concluded, however, that, in engines where 
the combustion control is poor, even high-cetane fuels are not 
effective in producing the best burning rates. 


Fuel Requirement Under Reduced Temperatures 


After the engine has been built and delivered to the cus 
tomer, there is little he can do about the combustion process 
outside of maintaining the equipment in good condition. The 
one variable which is reasonably under his control is operat- 
ing temperature and, where possible, the combustion-chamber 
temperatures should be kept high. Low temperatures tend to 
reduce the certainty of ignition, and a point eventually may 
be reached with some fuels where the engine misses badly or 


(High-Speed Automotive-Type Diesel Engine) 1200 rpm-—29 hp at 180 F 


Exhaust Smoke Knock Intensity Misfiring 
Light Blue Light None 
Light Blue Light None 
Light Blue Light Medium None 
Light Blue Medium None 
Light Blue Medium Hard None 
Light Blue Light None 
Light Blue Light Medium None 
Light Blue Medium None 
Light Blue Medium None 
Light Blue Medium Hard None 
Heavy Black Very Hard Nos. 1 & 6 


Heavy Black Very Hard 


Table 11— Effect of Cetane Number on Ease of Starting 
(High-Speed Automotive-Type Diesel Engine) 


Seconds to Time Until All Cylinders 


Fuel Used Start Are Firing Steadily 
35 Cetane No. 14.5 Excessive smoke and misfiring 
after 15 min 
53 Cetane No. 11.0 2 min 
66 Cetane No. 9.0 2 min 
Note: — Glow plugs in use only while starter is engaged. 


Engine is of 6-cyl high-turbulence type. 


Water-jacket temperature......... 10 | 
Air inlet temperature.......... 31 F 
Oil sump temperature......... bca\c aug a oe 


— 
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Effect of Injection Advance Upon Engine Performance 


(High-Speed Automotive Diesel Engine) 


Specific 

Fuel 

Consumption Knock Exhaust 

lb per bhp-hr Intensity Smoke 
0.48 Very Hard Light Gray 
0.46 Medium Hard Light Gray 
0.47 Medium Medium Gray 
0.50 Medium Hard Medium Gray 
0.54 Very Hard Intermittent Heavy 


Table 12 
Maximum 
Compression Firing 
Injection Ignition Pressure Pressure, 

Timing, deg Delay lb persqin. lb per sq in, Bhp 
17 BTC 4 610 1110 91.0 
13 BTC 5 610 960 96.5 

5 BTC 7 610 770 96 .0 

4 ATC 15 610 510 92.5 

9 ATC 17 610 390 §2.0 
Note: — Very uneven firing with 9 deg ATC injection timing 


Operating Conditions — Full! load — 1450 rpm 


Midcontinent Straight-Run Fuel 53 Cetane No. 


Fuel Used — No. 14 


by no means as drastic as those corresponding to very severe 
winter conditions, the tests covered in Table 11 do show how 
starting may be handicapped seriously by use of fuels too low 
in cetane number. 


Engine Design 


The high-output engines offered on the market at the 
present time operate on a combustion cycle which is a com 
bination of both the true diesel cycle and the otto cycle. 
There are minor differences in the combustion processes from 
one engine type to another, but the fundamentals are the 
same, and we do not find it possible to improve the combus 




























































































i 
: 1250 100 0.60 
< | |.- Brake Horsepower £ 
5 1100 é: 2 
2 § 0.55.5 
2 -. 
& 800 90 & 0.50 ¢ 
© esol . | °F 
= ey x E 
P 500 |. Firing=| \ <a 
| Pressure IN = 
= 350 i 80 040.2 
Heavy Gray 
x U) 
F Medium Gray —? iz 
Tp) Light Gray YA —_—— 
AV 
Very Hard i aliens teat a 
x 4, 
18) . 7 
© Medium Hard ———— 
. Y) AW, 
. < Medium AN = 
| JAVA 4 Y; “7 
MAW | 4 
7 13 5 04 9 
Before Top Center After Top Center 
Injection Timing, crankshaft deg 
NOTE: 
™ Standard! setting 8deg otc 
: Very uneven firing with 9deg atc 
| Operating conditions 
Full load l450rpm 
Water jacket temperature |170F 
: Midcontinent straight-run fuel 53 cetane no. 


——_. 


Fig. | — Effect of injection advance upon engine performance — 
High-speed automotive diesel engine 


Water Jacket Temperature, 170 F 


tion process appreciably by the use of the highest quality 
obtainable in fuels. 

The absolute minimum cetane-number requirement differs 
slightly from one engine to another but, since one fuel must 
be supplied for use in all engines of a given type, the higher 
limit necessarily is specified. 

From the fuel-suppliers’ standpoint, the higher the com 
pression ratio, the better. The engine friction losses are much 
greater, however, at the higher compressions and, in the 
interest of fuel economy, the compression pressure is selected 
from a compromise standpoint. This is evident when friction 
losses in a diesel are measured and found to be approximately 
100% greater than in a corresponding size gasoline engine of 
corresponding output. 

The compromise reached in a selection of compression ratio 
makes the engine more critical of fuel quality than the same 
engine would be if operated at compression pressures ap 
proaching that which is ideal for the highest combustion 
efhciency. The indicator cards taken at high and low com 
pression pressures show only a small difference between high 
and low cetane fuels at the high compression pressures. The 
same fuels run at low compression values show greater differ 
ences, both in ignition delay and maximum rate of pressure 
rise. 

The owner of a gasoline automotive engine can change the 
spark timing on his car within certain limits as he pleases. 
Normal adjustments in timing on an engine of this kind have 
no really harmful effect upon the engine life or its perform 
ance. The diesel is different, as small changes in injection 
timing are dangerous and can cause damage to the engine- 
Adjustment in the spark timing of a gasoline engine provides 
a satisfactory means for correcting the antiknock quality of 
certain fuels. An attempt has been made to determine how 
injection timing on a diesel might be adjusted to suit the 
ignition quality of the particular fuel used. 

The data contained in Table 12 and in Fig. 1 indicate that 
adjustments of this kind are dangerous. Advancing the 
timing causes excessive firing pressures and rough operation, 
and retarding the timing leads to misfiring and exhaust 
smoke. Experiments with injection timing do not, therefore, 
appear to be advisable. 

Improvements in combustion by minor changes in design 
have the economical advantage that the price is paid once and 
the benefits are derived for every gallon of fuel used there 
after. Improvements in fuel if they are obtained at higher 
cost must be paid for with every gallon of fuel used in the 
engine. Progress along these lines, therefore, must be made 
with proper consideration of costs at both ends. 

Using a small laboratory engine, an experiment was made 


(Concluded on page 136) 








High-Output Aircraft Engines 


By E. W. Hives and F. Ll. Smith 


Rolls-Rovce Ltd. 


NDIRECT or liquid-cooled aircraft engines fit 
into the picture of future aircraft types bet- 
ter than do the direct or air-cooled engines, the 
authors contend. As reasons for their belief they 
draw attention to the small frontal area of this 
type; the heat capacity of the liquid in equalizing 
temperatures; and greater freedom in cylinder de- 
sign because large heat-transfer surfaces are un- 
necessary. 


Rolls-Royce has been producing liquid-cooled 
aero engines for 23 yr, they announce, and has 
concentrated a large staff on installation prob- 
lems. One of.the results of this work, they report. 
has been the development of the interchangeable 
powerplant in which the engine-mounting auxil- 
iaries and bulkhead form a complete detachable 
unit. These units, the authors explain, are in- 
terchangeable within 48 hr, and provide inter- 
changeability between air-cooled and liquid-cooled 
engines. 


In the remainder of their paper the authors 
discuss some aspects of the problem of increasing 
performance from a given power unit; deal with 
the detonation and mechanical limitations to in- 
creased specific output; and describe several re- 
cent developments 


T the outset we ought to say that we could probably 
have done more justice to a paper on “High Output 
of Aircraft Engines.” 

The outstanding feature of the aircraft industry in England 
during the last year or two has been the rapid expansion of 
production as a consequence of the Government's rearma 
ment policy. In a short period of time every branch of the 
trade has had to multiply itself several-fold. The problems 
have been immense and we think that the industry can con- 
gratulate itself on the way they have been tackled, but the 
time has not yet come when the story can be told. Technical 
development, however, has by no means been neglected and 
we propose here to give some account of a few of our recent 
activities in developing liquid-cooled engines. 

Although the firm with which we are connected has been 
producing liquid-cooled aero engines for the last 23 yr, during 
that time a considerable amount of design and technical skill 
has been put into the development of air-cooled engines. We 


{This paper was presented at the World Automotive Engineering Con- 
gress of the Society, New York, N. Y., May 25, 1939.] 


106 


get to know 


~ 


find from experience that the only way to ; any- 
thing about an engine is to design it, produce it, and live 
with it. The conclusion which we have come to is that we 
shall continue to produce liquid-cooled engines. We have 
often looked upon air-cooled engines and thought that they 
seemed a much easier job. It is certain that producers of 
air-cooled engines have at times considered how much easiet 
their problems would be if their engines were liquid cooled. 
One certain thing is that there is no easy road and, therefore, 
that we can expect that, for some time to come, there will b 
a market for both types of engines. 

We always prefer to distinguish the two principal engine 
types as being direct and indirect cooled, rather than air and 
liquid cooled. In an aircraft the only practicable way to 
dissipate heat from the cylinders is into the air. In the case 
ot the direct-cooled engine the designer uses all his ingenuity 
te provide the necessary surface cooling area direct on to the 
cylinders themselves. In the case of the indirect-cooled engin 
the heat-dissipating unit is fitted in the most suitable place 
on the aircraft, and the heat is transferred from the engine 
to the unit through the medium of a liquid. It appears to us 
that, fundamentally, this latter method is the right one. Apart 
from the small frontal area of this type, the advantageous 
effect of the heat capacity of the liquid in equalizing temper 
atures during rapid climbs and glides, and the greater fre¢ 
dom in cylinder design engendered by the fact that the issue 
is not complicated by the necessity of providing large surtaces 
for heat transfer, we think that the indirect-cooled engine fits 
into the picture of future aircraft types better than does the 
direct-cooled engine. To prophesy is to invite contradiction, 
but we do consider that, in the future, the engine will have 
to forego its present privileged position in the nose and on 
the leading edge of the wings. To a very large extent the 
present-day design procedure for an aircraft is to mount the 
engines and their accessories and then give the poor custome: 
what room remains for his passengers and payload, or his 
guns. We think that the time is not far distant when the 
customers’ requirements will come first and the engine will 
be stowed away in any available remaining space. We already 
have sufficient experience with shaft drives to regard this 
prospect with reasonable complacency. We should be more 
anxious if our engines were direct cooled. 

In the past the chief complaints leveled against liquid 
cooled engines have been in connection with the plumbing 
work in the installation. Today we make the claim that these 
troubles no longer exist. The circulation system is a straight- 
forward job and absolutely reliable. We have arrived at 
the stage where the system can be filled with liquid and 
lorgotten. 

For some years now we have concentrated a large staff on 
installation problems. This department comprises a_ self- 
contained unit with its own drawing offices, workshops, test 
rigs, and flight section. It is equipped for the design, manu- 
facture and testing of engine mountings and installation de- 


Vol. 46, No. 3 





st 
- 


RN TOT 


ee ees 


a 


March, 1940 





tails, and is provided with experimental aircraft for flight 


tests. Some views of this department are shown in Figs. 1a 
and tb. 

One of the most interesting outcomes of this close coordi 
nation of energy on every angle of the installation problem 
has been the development of the interchangeable powerplant. 
The development was initiated as a result of the policy for 
mulated by the Air Ministry that alternative power units 
should be available for all new military aircraft types, and 
that it should be possible to remove an engine from a frame 
and replace it by its alternative within 48 hr. The aircraft 
engine industry in England is such that this requirement calls 
for interchangeability between air and liquid-cooled power 
plants. The units are complete with engine and mounting, 
bulkhead, radiators, oil coolers, auxiliary gear box (where 
fitted), cowling, and all pipes and electrical wiring forward 
ot the bulkhead. While the powerplants are designed to be 
removed from the aircraft as complete units, the scheme does 
not prohibit the removal of the engine alone, or the engine 
and mounting, leaving the bulkhead and gearbox in position. 
All pipe unions, electrical junction boxes, and engine controls 
are arranged in standard positions on the bulkhead. The 
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Fig. |a—Installation department - A view of the flight 
hangars 


Fig. |b — Installation department — A view of the assem- 
bly shop 


Fig. 2 -—Typical powerplant on stand for endurance test 


Fig. 3— Typical powerplant (top) with cowl fitted, and 
(bottom) with cowl removed 


aircraft structures will have a specified diameter of hole and 
width of jaws to accommodate all mountings but, apart from 
these requirements, no restriction is placed on the arrange- 
ment behind the bulkhead. 

The advantages of the interchangeability scheme from a 
National and aircraft-constructors point of view are obvious. 

Apart from the strategic advantages, the user of the aircraft 
is offered the following benefits: 

1. Standardization of installation units. 

2. Reduction of stores spares. 

Standardized powerplants considerably reduce the quan- 
tities of spares which have to be carried, and the amount of 
stores work involved. When the ultimate object of the inter- 
changeability scheme is achieved for a given engine type, 
spares will have to be carried for two types of nacelle only: 
a. multiengine machines, and b. single-engine machines. 

3. Engine mechanics conversant with every installation. 

Service engine mechanics can be trained on any bomber 
and any single-engine machine whatever its type, and become 
conversant with the entire range of aircraft fitted with the 
engine in question, irrespective of their manufacture. 
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4. Reduction in time between prototype and production 
aircraft. 

In giving the aircraft constructors a standardized engine- 
builder’s powerplant, it is not necessary to do any engine- 
installation development work on the prototype machine. 
The contractor’s efforts therefore can be concentrated on air- 
craft problems, and the result will be that the long and some- 
times tedious installation development, which often is carried 
out at the contractor’s works, with the consequent shifting of 
responsibility between engine and aircraft builders, will be 
eliminated. 

The development of the interchangeable power unit also 
represents a distinct advance in liquid-cooling technique. The 
full-scale flight development program carried out by our in- 
stallation department over many years has provided us with 
a vast accumulation of basic technical data which we are able 
te incorporate to the best advantage in our powerplant design. 
We are able to embody in the unit features which we have 
found to be important from the viewpoint of reduction of 
drag and accessibility for service. On the subject of accessi- 
bility, it should be pointed out that the criticism that liquid- 
cooled engines are more difficult to service than the air-cooled 
type because of the large number of pipes, and so on, which 
have to be detached before the engine can be removed from 
the air frame, no longer applies since the advent of the de- 
tachable power unit. One advantage which has accrued from 
the arrangement is that the complete power unit can be sub- 
jected to endurance tests concurrently with the manufacture 
of the air frame. It is our practice at the present time to run 
endurance tests of 500 hr on prototype powerplants, mounted 
on a special test hangar, as illustrated in Fig. 2. 

When this test has been completed successfully, both the 
. contractors and ourselves can confidently expect the installa- 
tion to operate successfully in flight. 

An interesting outcome of the system is that it permits the 
customer to make a direct comparison between various engine 
types in identical machines, a comparison which has seldom 
been possible in the past because the design of an aircraft to 
suit one type of engine has involved features which are preju- 
dicial to an alternative type. It may be said here that the 
interchangeability scheme has demonstrated that the distance 
between the bulkhead and airscrew, and the bulkhead and 
center of gravity of the powerplant are very little different for 
air-cooled radial and liquid-cooled in-line engines of equal 
ratings. Fig. 3 shows views of a typical power unit embody- 
ing a Kestrel engine. 

In reviewing the many engines now on the market it is 
interesting to observe the diversity of types, all of which fulfil 
their purpose more or less successfully. We think that it is a 
remarkable thing that an engine may be liquid cooled or air 
cooled, radial or in-line, sleeve or poppet valve, long or short 
stroke, and that none of these types should possess merits so 
relatively outstanding as to exclude the others. One of our 
own problems has been to decide whether or not a V-12 
liquid cooled engine should be arranged upright or inverted. 
We have always adopted the upright arrangement, whereas 
recent German designs favor the other. 

Close analysis of the two alternatives shows that, in actual 
fact, there is little to choose between them. Many years ago 
we first became interested in the inverted engine as a means 
of improving the pilot’s view, but found that nothing was to 
be gained. The view ahead is only important if the cowling 
tends to rise above a horizontal line in level flight. This view 
is used only for actual fighting and sighting of target, and 
the top cowl line of the upright vee is almost identical with 
the inverted vee except at the extreme nose where this line is 
not important. The important line of view is to the side and 


down over the leading edge of the wing. This is identical for 
upright and inverted engines. 

The inverted type is slightly worse for accessibility, it being 
preferable to work on top of an engine rather than under- 
neath it during cylinder maintenance, and moreover, the 
radiator impairs the accessibility of the cylinders in the in- 
verted type. The engine mounting and the layout of the 
exhaust system present no particular difficulties in either 
engine arrangement. Cooling, induction, and oil systems are 
no easier with one type than with the other. 

We quote this case as an illustration of the fact that, gen 
erally speaking, we cannot expect to evade troubles by simply 
adopting new engine layouts. The demand for increased 
performance introduces problems which are common to all 
engine types. The main components of the engine, such as 
the pistons, valves, connecting rods, and other mechanical 
details have the same duties to perform whichever type of 
cooling is used. The conditions which they have to withstand 
are fundamentally those of large and rapid cyclical stress 
variations coupled with high temperature. Differences in the 
urgency with which these problems are presented to the de- 
signer of the liquid-cooled engine on the one hand and the 
air-cooled engine on the other is only one of degree. Sooner 
or later both men have to solve the same problems. 

The present paper will deal with one or two aspects of the 
problem of increasing the performance of a powerplant, both 
by increasing propeller output and reducing installation losses. 


Limitation to Engine Performance 


Reduced to its most elementary terms, the problem of in- 
creasing engine performance resolves itself into three heads: 
I. increasing performance from the present size of cylinder; 
2. fitting more cylinders; and 3. fitting larger cylinders. We 
will consider some of the aspects of the first of these items as 
they have been presented to us. 

The history of the development of specific output has been 
one of parallel progress in fuel, material, and design tech- 
nique. Until quite recently the detonation characteristics of 
the fuel were the predominant limitation but, with the advent 
of 100-octane gasoline, engine designers are now faced with 
several problems which must be solved by improvements in 
mechanical reliability if further progress is to be made. 

1. Detonation Limitation — The introduction of commercial 
100-octane fuel provided a much-needed relief from the 
detonation problems which were limiting progress when the 
best fuel available for ordinary service use was 87-octane. 
Detonation problems are, however, once more looming up 
and, unless effective action is taken, once more will form a 
barrier to progress. Fig. 4 shows the power limitation im 
posed by 87-octane and 1oo-octane fuel on a certain engine. 
The net bmep, after allowing for the power absorption of 
the blower, under limiting detonation conditions, is plotted 
against rotor tip speed, of which, of course, the induction 
temperature is a function. No intercooler is fitted, and the 
carburetor is on the inlet side of the blower. It will be noted 
that, for a rotor tip speed of 1150 fps, the maximum bmep is 
165 lb per sq in. with 87-octane fuel whereas, with 1oo-octane 
fuel, 205 lb per sq in. is permissible. That the rated output 
on 100-octane is closely approaching the limit, is illustrated in 
the figure. A curve is also shown depicting the performance 
which has been obtained in the course of development on a 
fuel comprised of 20% benzol, 60% straight aviation fuel, 
20% methanol + 4 cc tetraethyl lead per gal, without detona- 
tion. The bmep at 1150 fps rotor tip speed has been raised to 
340 lb per sq in., which represents a crankshaft mep of about 
380 Ib per sq in. It is not within the scope of this paper to 
discuss the question of fuel in any detail, but we can say that 
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Fig. 4— Detonation limitations on engine without intercooler 


fuels are comparatively readily available which permit large 
increases of power over 100 octane. 

There are several possible ways of increasing the bmep 
obtainable without detonation with a given fuel. Apart from 
modifications to cylinder design, improvements in super 
charger efficiency and the fitting of intercoolers are the most 
obvious step. Another possible method is the introduction 
of water into the charge. 

The Effects of Supercharger Efficiency and Intercooling on 
Engine Output — As a means of increasing specific output, the 
effect of improving the supercharger efficiency is two-fold: 

1. There is a direct gain of shaft power due to the lower 
power absorption of the blower; 2. the consequent decrease in 
intake temperature permits the use of higher mep’s without 
detonation. We compare in the following estimated perform 
ances of two engines running on 87-octane fuel operating full 
throttle at 25,000 ft. The fuel is assumed to be admitted in 
the induction pipe between the supercharger and the engine. 
One engine is fitted with a single-stage centrifugal-type blower 
of 72% efficiency, the other with a blower of constant adia 
batic efficiency of 85%. 


Table 1—-MEP’s Obtainable in an Engine Operating 
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The former engine will be operating at the limit of detona 
tion with a supercharger compression ratio of 4:1 and the 
latter engine with a supercharger compression ratio of 4.15:1. 
There will be a net increase of 20 |b per sq in. mep at the 
airscrew shaft due to the more efficient supercharger com 
paring with a bmep of 164 lb per sq in. with the léss efficient 
unit. This gain in mep will be made up as follows: 

1. Reduction of power absorption by the 


blower 3.0 lb per sq in. 


i) 


From reduction in charge temperature 

giving increased weight of charge 

3. From improved detonation characteris- 
tics permitting of increase in blower 
compression ratio from 4:1 to 4.15:1 

4. From increased differences between 

charge of exhaust pressures as a result 

of Item 3 


6.5 lb per sq in. 
8.0 |b per sq in. 


2.5 lb per sq in. 

It will be seen from these figures that the effect of reduction 
in charge temperature is the predominating influence of in 
creased blower efficiency. 

The influence of supercharger efficiency in affecting specifi 
output is, of course, well known and appreciated, and the 
advent of the exhaust-driven turbo supercharger and the two 
speed mechanically driven supercharger, has been the result. 
The application of intercooling to superchargers of normal 
efficiency, however, permits a much greater increase of power 
than possibly could be obtained by an increase in efficiency 
alone. Increasing blower efficiency often entails costly pro 
duction methods preceded by extensive research, and it is 
important to have a clear picture of the rate of increase of 
effective mep to be anticipated from these improvements. We 
set out in Table 1 estimated figures showing the mep’s obtain- 
able in an engine operating just within the detonation limits 
of 87-octane fuel. Once again the operational height is taken 
as 25,000 ft and the effects of supercharger efficiency with and 
without intercooling to 70 C are shown. 

Compared, on a percentage basis relative to the case of an 
engine having no intercooler and a blower of normal efh- 
ciency, the gains in propeller shaft mep are: 

1. With hypothetical high-efficiency blower but no 

intercooler 


12% 

2. With normal blower, but with intercooler 37% 
3. With hypothetical high-efficiency blower and inter 

cooler 46% 


Taking into account the equivalent mep loss due to the 


just within the Detonation Lim'ts of 87-Octane Fuel 





Supercharger 


Efficiency 
( (A) 
| Normally Obtained 
. | Efficiency 
oe | R = 4.0:1 
° =) } Nad = 72% 
+3) (B) 
== | Hypothetical 
— | Efficiency 
R = 5.0:1 
Nad = 85% 
a= | R =5.0:1 
= i Nad = 69.5% 
> & (B 
=| R = 5.0:1 


a »& O7 
Nad = SO ( 


MEP, lb. per sq. in. 


Charge Air 


External 


Delivered Absorbed Resistance Delivered Drag 
to by through to in 
Crankshaft Supercharger Cooler Propeller Cooler 
198 34 164 
215 3] ae. lk ses 
300 67.5 S 224.5 9 
300 52.5 S 239 .5 7.5 
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turers for main and big-end bearings. These materials, not 
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Fig. 5—Detonation curves with and without water injected 
into induction 


external drag of the intercooler, the respective gains become 
31.5% im Case 2 and 41.5% in Case 3. 

The Introduction of Water Into the Charge — Fig. 5 shows 
the gain in detonation limits which can be obtained by intro 
ducing water into the engine charge. The tests were done on 
a 5 X 5.5-in. single-cylinder unit, the amount of water intro 
duced being nil in one case and 12 to 14 pt per hr in the 
other. The test procedure was to increase the bmep at the 
maximum-economy fuel mixture until a standard degree of 
detonation, just audible at 20 ft, was obtained. For further 
increases in bmep the mixture was enriched to maintain 
standard detonation. The curves show bmep plotted against 
specific consumption under these conditions. It will be noted 
that the bmep for standard detonation at maximum economy 
has been raised from 122 lb per sq in. to 189 lb per sq in. and 
the maximum bmep values at rich mixtures have been raised 
from 191 lb per sq in. to 217 |b per sq in. The bmep for 
maximum economy was raised to 242 |b per sq in. by adding 
a volume of water equal to that of gasoline. In addition to 
improvements in detonation characteristics there were, of 
course, also considerable reductions in heat flow in the engine. 

This well-known effect is undoubtedly a chemical as well 
as a physical one, that is, in addition to the latent-heat effect, 
the steam or its dissociation products are active anti knocks. 
Whilst however, we regard these results as interesting, we do 
not consider that they offer a very practical way of increasing 
specific output in a multicylinder engine operating in an 
aircraft. The water injection method requires a complicated 
installation and, if such a system were to be resorted to, it 
could be exploited more usefully by carrying special gasoline 
of high-detonation rating for take-off purposes. Furthermore, 
we have found that, if the water is introduced at a single 
point in the induction system, since little vaporization occurs 
in the pipes, very uneven distribution is obtained between 
one cylinder and another. As a consequence, in order to 
suppress detonation in the cylinder receiving least water, a 
large water input is required. On Fig. 4 is shown the effect 
of injecting 0.5 lb per bhp-hr of water into the charge. 


Mechanical Reliability 

It is proposed to discuss a few of the mechanical problems 
which are limiting performance, and the way that we are 
tackling them at Rolls-Royce. We have, of course, a variety 
of troubles which are peculiar to our own particular design 
of engine, but it is proposed to confine this paper to problems 
in mechanical reliability which are of a general interest. 

Bearings — The different varieties of lead-bronze have be 
come adopted almost universally by the aero-engine manufac- 


being true alloys but rather solid emulsions, are extremely 
troublesome in production in any but the simplest form of 
bearings. The structure is extremely critical to casting and 
cooling conditions. For this reason alone an alternative bear- 
ing alloy is urgently required, particularly in complicated 
applications such as the “marine”-type fork and blade rod 
construction used on the Rolls-Royce range of 12 cyl engines. 
For the radial engine and the multibank in-line engine, the 
need for an improved bearing is becoming imperative. The 
overall length, ana hence the weight of the latter type of 
engine, is determined by the bearing requirements, so that 
bearings can be said to be a first-line obstacle to further prog 
ress in lightness and compactness, and an obstacle which all 
engine manufacturers will encounter sooner or later. 

Research into the development of lead-bronze to give im 
proved bearing and production qualities is continuous and 
the results are generally known. Recently silver-rich bearings 
have attracted much attention but will require. considerable 
further development betore they are considered to be a suit 
able replacement for lead-bronze in any but special highly 
loaded applications as, for instance, the radial-engine big end. 
The progress made in this material has been considered in 
other published papers. The scope of the present paper will 
be confined to aluminum-tin bearing alloys which have been 
developed in the Rolls-Royce Laboratories, and patented by 
the company, and which we consider to provide a very attrac 
tive alternative to lead-bronze. 

All of the Rolls-Royce range of cars are now fitted with 
aluminum-tin big-end bearings, and on the Bentley, which is 
a 6-cyl high-performance sports car with a bearing between 
each pair of throws, we fit aluminum-tin mains. Many othe: 
manufacturers, including those of commercial vehicles and 





Fig. 6—Merlin connecting-rod assembly (top) with lead- 
bronze bearings and (bottom) with aluminum-tin bearings 
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racing cars, have adopted the material successfully, and it is 


interesting to note that one very successful racing-car manu 


facturer uses an aluminum-tin center main bearing of 4-in. 
diameter running at speeds up to 7000 rpm. 

We are now applying the material to aero-engine big-end 
bearings with great promise. Photographs of an experimental 
Merlin big-end bearing are shown in Fig. 6 in which cast-on 
lead-bronze has been replaced by 
aluminum-tin alloy AC.o. 


separate bushings in 
Such bearings have performed 
successfully long periods of endurance running. 

The most satisfactory alloys of the range that we have 
investigated are: 

For big end bearings: 5-5-7.0 % 


tin, 1.4-1.7% nickel, 0.7 


/ 
r.o% magnesium, 0.6-0.9% copper, 
and, for main bearings: 4.6-5.0% tin, 1.6-2.0% nickel, 0.7 


0.9°° manganese, 0.4-0.8% antimony, 0.45-0.6% _ silicon, 
0.35-0.5%0 Magnesium. 

A shaft hardness of at least 600 Brinell is necessary to pre 
vent seizure, although this figure is determined by the main 
bearings, and we have run big ends successfully with shaft 


a 


hardnesses down to 320 Brinell. 


The physical properties of these alloys are given in Table 2 


and Fig. 7 from which the relatively high fatigue strength, 
thermal conductivity, and hardness at temperatures up to 
150 C will be noted. 

It is not within the scope of this paper to give a detailed 
account of the metallurgy of the aluminum alloys. It is 
sufficient to say that they possess a background comprised 
substantially of aluminum in which there are two types of 
disseminated particles (or eutectoids). One containing con 
siderable tin is of relatively low melting point, and the other 
consists of aluminum compounds of a hard nature to increase 
stability. These eutectoids are in cellular form, which is bene 
ficial to strength. The function of the low-melting-point 
constituent is to minimize local temperature generation dur 
ing momentary overloading by permitting infinitesimal local 
collapse of the surface with consequent relief and avoidance 
of pickup. Such overloading might result from oil shortage 
or distortion of the housing. 

The frictional characteristics of the alloys were investigated 
in a machine consisting essentially of a device whereby several 
flat circular discs of the alloy were run against a flat steel plate 


Table 2 
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Note. HARONESS IS AFTER 2 HRS SOAKING AT TEMPERATURE 
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Fig. 7 — Hardness-temperature curves on bearing alloys 


under predetermined conditions of temperature, load, oil sup- 
ply, and speed. The response of aluminum-tin alloy to the 
type of overloading which results from a momentary oil 
shortage, was investigated by repeatedly interrupting the oil 
supply in the test machine in a standard fashion until com 
plete breakdown occurred. The curves in Fig. 8 indicate the 
relative behavior of 70/30 lead-bronze and aluminum-tin 
alloy AC.g. It will be seen that the last alloy has stood up to 
the greater number of cycles of ill-treatment. 


Physical Properties of Bearing Alloys 
I ~ ) 


Proof Stress, Fatigue Range 


Maximum tons/sqin., Under Unidirectional Thermal Coefficient 
Stress, Brinell % 1% Load, tons/sq in. Conduc- of 
tons/sq in. Hardness Elongation Elongation skin stress tivity Expansion Specific 
Type at 15C 15C 150C 15C 15C 15C 150C 0C-150C 0C-150C Gravity 

= (A.C. Z 16.8 100 90 1.0 16.0 0.34 22.0x10~* 2.75 
(At? 10.6 50 47 4.0 6.0 7.8 7.5 0.32 23x10" 82.8 
& | A.C. 9 Soft 12.7 68 66 2.8 0.36  22.3x10-* 2.78 
ra A.C. 9 Soft. Cold-Worked Aged 18.3 85 82 3.0 14.7 : 22.3x10-* 2.78 
z 
= | A.C. 9 Hard 14.3 82 80 2.0 0.36 22.3x10~ 2.78 
= 
2 ACL17 10.2 42 36 12.5 4.5 3.0 2.2 0.29 22.0x10~ 3.0 
Cadmium-Ni, 6.5 48 17 14.0 3.0 0.17 28.0x10-* 8.6 
70/30 Lead-Bronze 11.3 30 28 12.3 4.7 0.62 19.2x107* 9.8 
R.-R. White Metal 4.8 30 9 8.5 1.9 1.7 <1.0 0.078 22.0x10~¢ ‘i 
Zinc-Aluminum Alloy B.L. 3 15 78 48 1.5 13 0.15 26.0x10~* 5.9 


* Suitable as a Replacement Material for Phosphor-Bronze in Small Bearings. 
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S STEEL. NiCr 321 Brineue Lead oxide is deposited on to the head of the valve and 

« Bearing Aitoy. AC9 76 BRineLL . : - 
LEAD BRonze 23 BRINELL fuses with the protective oxide skin. It now acts as an oxygen 
be sh OI Tag SURFACES SERIOUSLY carrier and promotes further oxidation of the valve material. 
9 REAR ERE ~~ 7 51 7 a The oxide mixture creeps slowly, flowing as an extremely 
eee ae ‘ "e. q a fe ae viscous liquid, to the edge of the valve where it is heated 
. Sid 2 A ay E et 15) BP fal 8 1S) isis considerably by exhaust scour and, if the valve is seating 
wid |s| 2) ))2) Z|! ) 21 ie Heh EJS ]e, el del des TE perfectly or very badly, it is broken up and blown out 
ls through the port, doing no further damage. If, however, the 
4 | on bedding is just slightly faulty, the scale is able to adhere to 
- 1 the valve face and pitting occurs until eventually a slight gas 
: JA leak takes place and a gutter is formed by the joining of the 
¢ ; Le. pits giving much higher local temperatures, thus hastening 
; { | the flow of scale from the head of the valve. This is the first 

: |i stage of the attack. 
: : If there is now an adequate deposit of lead oxide on the 
1} J ON head of the valve, the rise in temperature at the “blowby” can 
” . iL increase. The continuous supply of molten lead oxide from 
: ef f the head and adjacent pits in the roughened surface, carries 
i} . oxygen, obtained from a partial decomposition of the exhaust 
3 | + LL gas, to the steel which is heated doubly by the scouring and 
a Z/ / ¥, | its own oxidation. A rapid “thermit” type of burning of the 
/ a | steel may now ensue, quickly leading to complete failure of 
. 7 6; v Pi a a eas: crebonee the valve. We have known cases where the torch of exhaust 
i a a on ol gases, burning steel, and lead oxide, blown past the valve 
= on to the aluminum wall of the exhaust port, has started a 
second violent “thermit” reaction which ultimately has burned 
a hole through the port. 

: ; + + + 3 aM This “thermit” reaction can be demonstrated simply by 

















Fig. 8- Repeated seize tests on friction tester (after being 
run in for 6 hr) 


The alloys may be cast in a static die or centrifugally. The 
AC.9 alloy will stand a considerable amount of cold work 
which results in improved physical properties and strength 
without adversely affecting the anti-friction properties. It is 
therefore very suitable for the formation of strip bearings 
produced by pressing cast plates. 

Exhaust Valves — The exhaust-valve troubles consequent to 
the introduction of leaded fuel and higher ratings are, of 
course, well known to aero-engine manufacturers, as is also 
the relief obtained by the combination of sodium cooling and 
coating the face and head of the valve with stellite. For 

' engine conditions prevalent at the moment, these innovations, 
generally speaking, have proved adequate, but the problem is 
bound to recur as performances, and hence valve tempera- 
tures, increase. Experience has shown us that the in-line 
monobloc cylinder construction gives more trouble from lead 
attack of exhaust valves than does an arrangement embodying 
separate cylinders. This condition is due principally to the 
fact that the distortion of the valve inserts is aggravated by 
the thermal expansion effects in adjacent cylinders, and one 
of the essentials of successful monobloc design is to isolate the 
cylinder heads from one another as far as possible. 

Rolls-Royce has been engaged on a prolonged investigation 
into the cause and prevention of lead attack on exhaust valves. 

,Apart from main engine and laboratory tests, upwards of 
4000 hr of single-cylinder running has been carried out in the 
course of the work. 

During the course of investigation many theories were 
established to account for the attack and were in turn dis- 
carded, and only one hypothesis has emerged finally which 
appears to account for all the facts. As far as we know no 
satisfactory explanation of this curious effect, which results in 
what looks like a bite being taken out of the valve, has been 


dipping a piece of steel wire into lead oxide and then heating 
to red heat. If the wire is removed from the source of heat, 
it will continue to burn in the region where lead oxide is 
present. 

As a result of prolonged series of tests, Rolls-Royce stand 
ardized an exhaust valve cooled in the stem only and fully 
coated over the face and head with stellite. Fully sodium- 
cooled valves were tried but were discarded for various rea 
sons, namely: 

1. The valve was much heavier than the stem-cooled type. 

2. It is Rolls-Royce practice to fit four valves per cylinder. 
Owing to the consequent smallness of the valve, the fully 
cooled construction resulted in a rigidity which was preju 
dicial to lead-attack resistance. In other words, the head was 
not sufficiently flexible to accommodate small degrees of 
valve-seat distortion, so that incipient attack of the face could 
occur as explained in the theory previously given, leading 
ultimately to complete failure of the valve. It was actually 
our experience that a fully cooled valve was more susceptible 
to attack than the stem-cooled type. 

3. In small sizes the fully cooled valve is an extremely 
troublesome production proposition. 

4. It would appear that the benefit resulting from cooling 
the head of the valve does not exist to the same extent in 
small valves as in large ones because the smallness of the 
cavity does not permit sufficient agitation of the sodium. 

The reason for coating the head of the valve is to suppress 
the preignition which results from the formation on the head 
of insulating lead oxide-iron oxide mixture in the case of 
non-protected valves. 

The stellite-coated valve was not, however, completely satis 
factory for the following reasons: 

a. The brittle nature of stellite together with the compara- 
tively large difference in expansion between stellite and 
KE.965 caused the stellite coating on the head to crack. 


b. The lack of ductility of the stellite rendered the valve 
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Table 3- Properties of Nickel-Chromium Alloy* 


Analysis Physical Properties 
Carbon 0.09% Mean coefficient of expansion—20-100 C, 0.000013. 
Silicon 0.65% Specific gravity a 8.5 
Manganese 1.24% Electrical resistivity — 108 microhms/em* 
Nickel 77.65% 
Chromium 18.72% 
Tron 1.12% 


Heat-Treatment A. C. 1050 C 
Mechanical Properties at Elevated Temperatures 
(Specimen pulled at standard rate of 0.0085 in./min. up to 
yield point and at 0.125 in./min. thereafter.) 


400C 500C 600C 700C Sd00C 900C 


Limit of proportionality, 


tons per sq.in....... ll 9.5 6 - 
0.05% proof stress, 

tons per sq. in..... 14 ae 2a ~ — - 
0.10% proof stress, 

tons per sq. in...... 14.7 12.65 11.2 — — — 
0.20% proof stress, 

tons per sq. in...... 15.4 13.05 12.2 - 
0.50% proof stress, 

tons per sq. in..... 16.7 14.25 13.1 — - 
Maximum stress, 

tons per sq. in...... 43.66 42.16 37.125 26.95 15.88 8.73 
Elongation, %. . ; 48.0 48.0 42.5 30.5 34 
Reduction of area, % 53.0 49.0 36.0 31.5 34 31.5 


Creep Stress at Elevated Temperatures 


Temperature Time Yield 
500 C 9 tons/sq. in. 
600 C 41% tons/sq. in. 
700 C ; 1% tons/sq. in. 
800 C 1,100 tb. /sq. in. 


*See “Heat Resisting Steels,’ by Dr. Hatfield, F.R.S., Inst. of Fuel, 
March 24, 1938 


less flexible than previously which, to a certain extent, offset 
the advantage gained by its adoption. 

c. With further increase in power outputs stellite, although 
a great advance on KE.965, showed a tendency to lead attack 
on the face and still was not immune from preignition trouble 
due to the oxide deposits on the head. 

In view of these considerations we sought a material which 
was more resistant to lead attack than stellite, and more duc- 
tile. An alloy composed of 80% nickel and 20% chromium 
satishied these conditions, and is even a suitable material for 
the construction of the body of the valve. A single-material 
valve is much to be desired, since it is free from relative 
thermal expansion effects and welding troubles. The physical 
properties of nickel-chromium alloy are given in Table 3. 

Fig. g compares the rate of oxidation of austenitic steel 
KE.965, stellite, and nickel-chromium alloy when heated in 
an alumina boat in the presence of lead oxide, from which it 
will be seen that stellite is capable of resisting lead attack at 
a temperature of 50 C higher than KE.965 and_ nickel 
chromium alloy at a temperature of 100 C higher than stellite. 
It also will be seen that for stellite 750 C is a critical temper- 
ature below which oxidation is very slow and above which 
it is comparatively rapid. These results are in agreement with 
engine experience, which indicates that, if the temperature of 
the valve is less than 750 C, lead attack will not occur. 

After extended running under severe conditions which 
would certainly have resulted in early failure of stellite coated 
valves, no failure due to lead attack of nickel-chromium 
coated valves has occurred. The resistance to lead attack of 
the alloy was illustrated in four 100-hr endurance tests at 
2850 rpm on an engine having 5 x 5.5-in. cylinders. Each 
100 hr was comprised of 50 hr at 200 |b per sq in. mep and 
50 hr at 160 lb per sq in. mep, using maximum-economy 
mixtures. The fuels used in the four tests had respectively, 
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no lead, 4 cc per gal, 7 cc per gal and 15 cc per gal. The 
valves were nickel-chromium coated and, after the tests, were 
in equally good condition, irrespective of the lead content of 
the fuel. 

In view of our recent work, we say that the corrosion of 
poppet exhaust valves is no obstacle to increased performance, 
and is not likely to be for some time to come. 

Sleeve Valves—It may be appropriate here briefly to refer 
to the subject of sleeve valves. It is our opinion that the 
merits and demerits of sleeves have to be considered primarily 
in relation to mechanical requirements, and that performance 
is a secondary issue only. For separate cylinder constructions, 
where poppet valve gear is difficult, the sleeve valve is attrac- 
tive. In radial engines, one of its principal features, namely, 
the necessarily increased outside diameter of the cylinder 
barrel, is no particular detriment. The same cannot be said 
of in-line arrangements. We give in the following the mini- 
mum cylinder center distances of a 24-cyl go-deg X and a 
12-cyl 60-deg V engine using (a) poppet and (b) sleeve 
valves. Three arrangements are compared, that is, liquid- 
cooled block construction, liquid-cooled with separate cyl- 
inders, and air-cooled with separate cylinders. 


Minimum cylinder center distance 
for 5\44-in. bore cylinders 
90-deg X-24 60-deg V-12 


Poppet Sleeve Poppet Sleeve 








Construction 











Liquid-cooled monobloc.. .. . 6.4 7.0 5.9 7.0 
Liquid-cooled separate cylinders 6.4 7.0 6.35 7.0 
Air-cooled separate cylinders... 7.375 7.625 7.375 7.625 


It will be seen that, for a 60-deg V-12 engine, sleeves entail 
a considerable increase in engine length in the case of block 
construction, but that, in the case of air-cooled separate cyl- 
inders the difference is not large. For a go-deg X-24, where 
the crankcase and crankshaft impose dimensional limitations, 
the difference between the two valve arrangements in the case 
of a monobloc engine is approximately halved. The sleeves 
permit a reduction in overall diameter but not in weight. 

The sleeves are apt to introduce troublesome out-of-balance 
couples in in-line engines. One of the major limitations to 
specific performances at the moment is that imposed by the 
mechanical reliability of the piston. The sleeve valve can only 
aggravate this trouble. Figures obtained by the hardness 
recovery method on pistons operating under comparable con- 
ditions in sleeve-valve and poppet-valve engines indicate that 
the piston temperature in the former type may be of the order 
of 50 C hotter than in the latter. These results are confirmed 
by our experience that pistons give trouble in shorter running 
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Fig. 9 — Effect of temperature on rate of lead attack 
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Fig. 10—Typical pressure-cooled installation with nose header 
tank and twin radiators in forward position 


periods with sleeves than with poppets under high perform- 
ance conditions. 

Sleeve valves introduce an extra reciprocating surface to 
lubricate and an extra set of sealing rings in the junk head, 
a complication which cannot be dismissed lightly. Further- 
more, we believe it is common experience that a sleeve-valve 
engine requires much more oil cooling than an equivalent 
poppet-valve type. 

As regards valve maintenance, we do not accept that in our 
type of engine the poppet valve need present a serious main- 
tenance problem. We recently have carried out several 100-hr 
non-stop endurance runs under type-test conditions and have 
found, on completion of the test, that no maintenance was 
necessary. Valve-spring failures have become a comparatively 
rare occurrence, since the design technique of preventing 
surging and limiting stress range has been appreciated. As 
we have said previously, we do not think that the day of the 
poppet valve is by any means done. 

Failures due to Cyclical Temperature Variations in the 
Engine — Thermostatic Control of Coolant Temperature — 
Several troubles, particularly in an in-line engine of monobloc 
construction, arise from changes in operational temperatures 
as the flight conditions are varied. We refer to such troubles 
as leaks of coolant into the cylinders and cylinder-head cracks. 
In connection with the former complaint, it may be said here 
that internal leaks have been tolerated in the past because, 
unless they are of quite exceptional severity, they do not 
interfere with the performance of the engine and never cause 
a failure in flight. We know, however, from our experience 
that, with correct design and careful production, such leaks 
need never occur. 

The reliability as regards troubles of this type can be greatly 
enhanced if steps are taken to reduce working temperature 
fluctuations to a minimum during maneuvers involving alter- 
nate climbs and glides. The radiator size in a liquid-cooled 
engine installation is determined by the amount of heat to be 
dissipated under full-throttle climbing conditions, this radiator 
being suitable for the maximum speed conditions. For all 
conditions of lower duty the radiator is too large and the 
engine is over-cooled unless some form of temperature control 
is incorporated in the system. 

On the uncowled, free air-flow type radiators used on 
earlier liquid-cooled installations, this temperature control was 
secured by retraction of the radiator or by fitting radiator 
shutters, the former involving the provision of complicated 
pipe joints and some form of retracting gear, whilst the latter 
had to be controlled manually since sufficient power could not 
be obtained from a thermostat to operate the shutters auto- 
matically without the addition of a relay system. The satis- 
factory operation of these devices, however, was dependent 


upon the pilot, which is not a desirable feature since it dis 
tracts him from his primary duty of flying the aircraft and, if 
neglected, results in overheating the engine. 

Recent developments of low-drag, low-velocity ducted cool 
ing systems and high operating temperatures have resulted in 
the return to a fixed radiator with only flap control, which 
possesses the disadvantage, however, that, owing to the greater 
temperature difference between the coolant and the cooling 
air, the variations experienced during dives or glides are much 
more severe than those on the earlier systems. 

Flight tests during a glide from 17,000 ft to 2000 ft showed 
that the order of the fall in coolant inlet temperature was 
g5 C. Advantage has been taken, therefore, of automobile 
practice in fitting thermostats in the circulating system to 
provide a simple and effective means of automatic control. 

The selection of the most suitable type of thermostat for 
aircraft use was made after a prolonged series of tests since it 
was found that the ordinary type of simple thermostat was 
affected adversely by changes of pressure with altitude and, 
accordingly, a form of pressure compensation had to be 
introduced. 

A positive-acting automatic safety device also is incorpo 
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Fig. 11 —Typical curves showing effect of thermostat on tem- 
perature variation in cooling system during climbs and glides 


rated in the thermostat unit since early experience showed 
that collapse of the thermostatic bellows caused a considerable 
proportion of the coolant to bypass the radiator, in conse 
quence of which temperatures in the system rose considerably. 
This safety device ensures that, in the event of such a failure, 
the bypass is put out of action and all the coolant forced 
through the radiator. 

A diagrammatic sketch of a typical cooling system in which 
a thermostat is incorporated is shown by Fig. 10. The coolant 
pump maintains the normal circulation through the cylinder 
jacket and heads, the header tank, and the radiator. The 
thermostat is fitted between the header tank and radiator in 
the outlet pipe from the former, and either one or two units 
may be used depending on whether the header tank is pro 
vided with one or two outlets. From the thermostat the 
coolant may pass direct to the radiator and thence to the 
pump inlet or, alternatively, into the bypass pipes leading 
direct to the pump. 

The thermostat functions by isolating the radiator below a 
certain predetermined temperature, and by closing off the 
bypass at a temperature approximately 15 C in excess of this 
value. In level flight the coolant temperature is held within 
close limits and the coolant flow divides between the bypass 
and the radiator. On climb the temperature increases until 
the bypass is completely closed and the full cooling capacity 
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of the radiator is available. When gliding with the throttle 
closed the minimum temperature reached is the predeter- 
mined lower limit. Fig. 11 shows the effect of introducing 
thermostats on the variation of temperatures on the cooling 
system. These are typical curves representative of the mean 
results of flight tests on systems with and without these units 
and demonstrate clearly how the thermostat is instrumental 
in maintaining the coolant temperature in gliding flight. 

It will be observed that, on climb, the temperatures re 
corded are generally higher than those obtained on the earlier 
systems since, due to the action of the thermostat, the full 
cooling capacity of the radiator is not available until the 
bypass is closed completely. The curves show also the effect 
on system temperatures of introducing the pressure compen 
sation to the thermostatic bellows. 

The thermostat is so arranged that, in the event of failure 
of the bellows, all the coolant will pass through the radiator. 
The thermostat unit is built in a non-corrosive alloy which 1s 
unaffected by either water or ethylene glycol. 

Fig. 12 shows a sectioned view of the unit. 

The coolant enters from the header tank at A and is either 
bypassed via B or leaves at the radiator connection C, accord 
ing to the position of the mushroom valve or shroud. 

At the lower limiting temperature of the coolant, the upper 
bellows expand suddenly as the contained liquid boils and 
the mushroom valve is lifted off its seating. The valve then 
opens progressively with increase in temperature and the 
shroud progressively restricts the bypass until at approxi- 
mately 15 C above the lower limit, the valve is at its maxi- 
mum lift, the bypass ports completely cut off by the shroud, 
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Fig. 12 — Sectional view of thermostat unit 
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Fig. 13 —Altitude boiling points of 30/70 glycol and water 


and the whole of the coolant flow passes through the radi 
ator. The influence of pressure, either from static sources in 
the system or changes in altitude, is the same on both bellows 
since they are inter-connected, and thus only the stress in the 
connecting sleeve is altered and not the position of the valve 
or spindle. This pressure compensation was found necessary 
to maintain the lower temperature limit which, in the original 
designs, was found to decrease with increase in altitude. 


Installation Developments 


1. Pressure Cooling of Engines— The cooling systems of 
indirect-cooled engines have been through various stages of 
development. The demand for low radiator drag and hence 
small cooling surfaces put water at atmospheric pressure out 
of favor as a coolant some years ago. The next step was 
to adopt evaporative cooling and, after much preliminary 
trouble with maintaining adequate circulation at elevated 
temperatures, the engines were developed satisfactorily and 
completed type tests under evaporatively cooled conditions. 
The disadvantages of evaporative cooling, however, lay in the 
inevitable complications of the cooling system necessitated by 
the use of condensers and the advent of high-performance 
aircraft with reduced surfaces available for cooling imposed 
very great restrictions, and caused considerable difficulty in 
arranging for a satisfactory return of the condensate to the 
system. 

In view of these drawbacks, the possibility of utilizing high 
coolant temperatures which would permit a reduction in 
radiator size and, at the same time, retain the coolant in its 
liquid form, was explored. Ethylene-glycol cooling at approx 
imately atmospheric temperatures was resorted to but, more 
recently, we have replaced this type in favor of pressure water 
cooling which, compared with glycol, has the following 
advantages: 

1. The physical properties of water as a coolant are very 
much better than those of glycol. The viscosity is low, latent 
and specific heats are high, and the heat-transfer coefficient is 
good. It is, therefore, possible to ensure better and more even 
cooling of the cylinder block and to provide a greater margin 
of safety. 

2. Water has less tendency of “creep” through joints, which 
is an undesirable feature of ethylene glycol. 

3. Water is much more easily obtainable than glycol and, 
since a 30% glycol solution is recommended, only one third 
of the amount of glycol will be needed in comparison with 
glycol cooling. In emergency the system would operate quite 
satisfactorily on water only if suitable precautions were taken 
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against freezing. This cannot be said of a glycol system 
which would be seriously undercooled. 

In essentials the system is similar to a normal water-cooled 
system with the addition of a spring-loaded double acting 
relief valve in place of a vent on the header tank. 

A 30% solution of ethylene glycol in water, freezing — 
15 C, is now recommended for use all the year round in so- 
called “water-cooled” systems for two reasons: Firstly, the 
change from water to 30% glycol previously made at the end 
of summer to prevent freezing under winter conditions was 
found to dislodge scale in the cooling system necessitating 
additional maintenance work in the form of flushing out the 
radiator and system; secondly, its use prevents the radiator 
from freezing during a glide with the control flap open or 
when isolated from the circuit by a thermostat. The boiling 
points of such a mixture at various altitudes and gage pres- 
sures are shown on Fig. 13 which illustrates the advantages to 
be gained by even a small increase in pressure. With an open 
vent fitted to the header tank the drop in boiling point be- 
tween sea level and 12,000 ft is 12.5 C or 12.2%; whereas, 
with a relief valve set to 15 lb per sq in., it is only 6.5 C or 
5-3%, and the corresponding figures for 25 lb per sq in. are 
5 C and 3.8%. It follows, therefore, that the operation of a 
pressure-cooled system is affected by changes in altitude to a 
considerably less degree than a system with an open vent. 

Fig. 14 shows a graph of radiator area for various relief- 
valve pressures expressed as a percentage of the area for glycol 
cooling with 130 C outlet temperature. It will be seen that a 
maximum pressure of approximately 20 lb per sq in. allows 
the use of the same area of radiator as a glycol-cooled i 
stallation. There is also the possibility of reducing this area 
by a further increase in pressure. 

The temperature corresponding to the relief-valve pressures 
-are used in the calculation of the radiator suitability under 
the appropriate conditions, that is, English summer or tropi- 
cal maximum conditions, and provide data for the choice of 
suitable radiator. Since climbing represents the severest oper- 
ating condition, it follows that, under all other conditions of 
flight, the temperatures will be below those corresponding to 
the boiling point. Hence, under cruising conditions, the sys- 
tem will operate at a considerably lower pressure. 

It was found that, in preliminary flight tests, the pressures 
in the system were always in excess of the steam-table pres- 
sures corresponding to header-tank temperatures. This con- 
dition was explained by the expansion of air in the system, 
and experiments made by venting the system on the ground 
at go C by a hand-controlled cock, confirmed this explanation. 
In order to make the system fully automatic, tests were made 
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Fig. 14- Comparison of radiator areas 


with a 0.030-in. hole drilled in the reliet valve and lett per 
manently open to atmosphere. This hole allowed the air to 
escape to atmosphere as it expanded when warming up, and 
the loss of steam under steaming conditions was negligible. 
Fig. 15 shows a diagrammatic section of a typical nose 
header tank. Each inlet pipe is continued through the tank 
and connects directly with the output to cause a minimum 
disturbance. A series of holes at the lower end of the pipe 
communicate with the reserve of coolant in the header tank. 
Vapor separation is effected by bending the inlet pipe at the 
top of the tank to a sharp curvature and perforating the 
inside of the curve with several large holes. The liquid 
travels around the outside of the bend due to centrifugal 
force while the steam escapes through the holes on the inside, 
above the level of the liquid. The relief valve is mounted at 
the top of the tank which has a filler cap at the maximum 
static level so that the system cannot be overfilled. Very little 
trouble has been experienced in designing a radiator to accom 
modate the increased pressures. We use units of circular form 
for rigidity, of which the casings are brass and the 
5 X 300-mm copper soldered with 50/50 lead-tin alloy. 
2. Ejector-Type Exhaust Manifolds— The major problems 
to be faced in the design of a satisfactory exhaust system for 
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Fig. 15 — Diagrammatic sketch of nose header tank for pres- 
sure cooling 


an aero engine are that it shall combine with its fundamental 
objectives of noise suppression and flame damping, the prop- 
erties of low w eight, good aerodynamic shape, absence of fire 
risks, and the maximum durability whilst imposing upon the 
engine a low enough back pressure to cause little or no power 
loss. Flame damping and silencing are allied to the degree 
of cooling and gas expansion in the system but, in order to 
meet the drag and weight requirements, the size and surface 
of the manifolds must be kept as small as possible. 
more, 


Further 
for the reduction of fire risks and for durability, the 
metal temperature of the manifold should be kept to the 
minimum practicable, which can best be effected by exposing 
the manifold to the full force of the slipstream. This ar 
rangement necessitates a good aerodynamic shape if the drag 
characteristics are to be kept down. For the minimum power 
loss it is desirable to limit the back pressure to about 0.5 Ib 
per sq in. in excess of atmospheric pressure, although a 
greater back pressure will reduce noise at the expense of 
engine output. 

Until recently exhaust manifolds have been regarded as a 
means of silencing the exhaust noise at the unavoidable ex- 
pense of a loss in performance arising from the combined 
drag of the system and the back pressure set up in the mani- 
fold, but Rolls-Royce Ltd. have now developed and patented 
what is termed an ejector-type exhaust system in which the 
exhaust gases are discharged rearwards at high velocity 
through restricted outlets and their kinetic energy utilized 
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speed. This effect has been exploited for some time in radial, 
but not in in-line installations. The benefits resulting from 
a system of this type have been found by experience to be 
two-fold since, not only is the machine speed increased due 
to the exhaust momentum effect, but the backward ejection 
of gases at high velocity smooths out the airflow over the 
body, suppressing turbulence and eliminating the interference 
set up when the exhaust gas is discharged at right angles to 
the slipstream. The manifolds possess intrinsic advantages as 
regards silencing and flame-damping properties, the converg- 
ing nozzle at the exit tending to damp out flame and silencing 
the engine more effectively than pipes of constant diameter. 
Furthermore, the gas turbulence is damped out, the exhaust 
temperature is reduced considerably below the manifold tem- 
perature since a temperature drop corresponding to the reduc- 
tion in pressure and increase in velocity at the exit is obtained, 
and the air flow induced by the high velocity of discharge 
makes it possible to discharge the gases almost parallel and 
close to the aircraft surface without burning it. 

It is impossible to assess with any accuracy the magnitude 
of the benefit to be derived from the cleaning up of the air- 
flow over the engine nacelle or the fuselage but, by making 
reasonable assumptions, the momentum and back pressure 
effects can be estimated. The curves of Fig. 16 refer to an 
engine giving its maximum performance at an altitude of 
15,000 ft, with 6 lb per sq in. boost, and indicate the optimum 
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Fig. 18- Arrangement of streamline 
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shows the corresponding increase in speed at the optimum 
back pressure. 

The ejector manifolds now being made are a development 
of the slotted streamlined blister type, previously used by 
Rolls-Royce Ltd., in which the gas expansion takes place in 
one lobe or blister coupled to each pair of cylinders and the 
discharge through a slot in the outer face of each lobe, a 
scheme which was found to prevent the flaming which 
occurred on earlier designs. These manifolds showed a re- 
duction in noise of 6 db as compared with short stub pipes, 
a reduction of 40% in weight as compared with long tail 
pipes, and a worth-while reduction in drag and negligible 
back pressures. 

In the ejector manifolds the slots are replaced by a re- 
stricted outlet facing backwards at the rear of each blister. 
The three lobes on each bank of cylinders are interconnected 
and merged into one streamline contour to reduce the drag 
to a minimum figure, and expansion joints are provided 
between each pair of lobes. As compared with the previous 
type, they involve a slight increase in weight and necessarily 
impose an increased back pressure on the engine, but this 
aids their silencing properties, whilst the forward thrust 
obtained from the gas momentum amply compensates for that 
lost due to the higher back pressure. The general arrange- 
ment of the manifolds is shown by Fig. 18, which indicates 
the cowling lines of a typical installation in relation to the 
blisters, and the method of 
cooling the stub connections 
from the exhaust ports to the 
expansion chambers. An air 
scoop in the lower cowling 
panel takes in a stream of cold 
air which is directed over the 
exhaust stubs, spark plugs, 
and ignition leads. The air is 
then discharged through the 


two outlets, as shown on the 


sketch. 
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Defends Hollow-Head 
Sodium-Filled Valves 
— F. R. Banks 


The Associated Ethyl Co., Ltd. 


ITH reference to engine position, do the authors consider that an 

engine will be enclosed entirely within the wing — say in the next 

five years or so? It seems to me that demands for improved perform- 

ance militate against the complete housing of the powerplant in the wing 

. because, in the first place, still greater power per unit is being demanded 

and wings of small section and high aspect ratio appear to be necessary 

to obtain high overall performance. This leads one to think, therefore, 

that the installation of the engine in the wing is, at the moment, a 
pious hope. 

The authors have mentioned water injection, in order to raise the 
detonation limit, and I agree with them that this has certain objections 
and does not appear to be, at the moment, worth while; also, it has been 
my experience, in large diesel engines, that continued use of water injec- 
tion gives rise to a high rate of cylinder-bore wear. 

I do not agree with the authors where they state that the fully cooled 
(hollow-head sodium-filled valve) was more susceptible to hot corrosion 
attack than the stem-cooled type and that the same benefit is not ob- 
tained with hollow-head valves of small diameter relative to similar 
valves of large diameter. If my memory serves me correctly, the tests 
made by the authors’ company were done at a time when they were still 
suffering from a certain amount of cylinder-head and insert distortion, 
and the hollow-head valves constructed by them were relatively rigid. 
Therefore, the seating of these valves under operating conditions was 
somwhat problematical and there was considerable gas leakage which, 
in my opinion, no valve, whatever the material or design, could put up 
with without suffering severe burning. 


Takes Issue on Relative 
Weights of Engine Types 
— Frank Nixon 


Bristol Aeroplane Co., Ltd. 


EGARDING the supply of power units by engine manufacturers, | 

would like to confirm the reply to a previous speaker and say that, 
whilst certain aircraft manufacturers were inclined to scoff at the idea at 
first and say that it wouldn’t work, they have all been agreeably sur 
prised at the results obtained by the engine people. It is important to 
realize too the real difficulties of the problem. In England we have 
aimed at interchangeability between liquid-cooled and air-cooled engines, 
of V, H, and radial layout. Consequently we have not achieved so much 
in some directions as they have in Germany, where interchangeability is 
only desired between radial engines of similar size and layout. Never- 
theless, the success which we have obtained in accommodating such ver 
different types of engine is gratifying. 

I would join issue with the authors on the question of weight of 
liquid-cooled and air-cooled installations, a point which they have been 
inclined to overlook. From my experience the difference amounts to 
some hundreds of pounds in favor of the air-cooled engine manufacturers. 

Turning now to the sleeve-valve engine, the authors suggest that a 
great deal of oil must be used for piston cooling. Far from this being 
the case, I can assure them that the rate of oil circulation in our 25-1 
Perseus engine is no greater than that of their 4%-l Bentley car engine, 
and very much less than that of 


a comparable American air-cooled 
poppet-valve engine. 


Adds Comments on Bearing 
and Exhaust-Valve Materials 
— John M. Lessells 


Massachusetts Institute of Technology 

HIS discussion will be confined to those sections of the paper by 
Messrs. Hives and Smith which deal with the subject of materials. 

The developments which are cited in the paper on aluminum-tin 

bearings are of great interest. The advantages of tin in ordinary babbitt 

metal are, of course, well known, and it must not be forgotten that this 

is still a widely used material. Recently* the use of tin as a coating for 


® See SAE Transactions, Vol. 34, February, 1939, pp. 
Developments in Piston-Ring Materials,” by B. A. Yates. 

b See The Metal Industry, (London), Vol. 54, April 14, 1939, pp. 415- 
418: “‘Metal Sprayed Bearings,” by Harry Shaw. 


49-58: “Recent 


piston rings so as to prevent scoring has indicated certain distinct advan- 
tages while attention” is being given to aluminum and tin in the form 
of sprayed bearing materials. These developments by the Rolls-Royce 
Co. are beyond the experimental stage since this new bearing material 
evidently has been applied widely in its engine products. The relative 
seizing tests data of the A.C, g alloy as compared with the 70/30 lead- 
bronze are of considerable interest in showing the degree of punishment 
which this material will stand before seizure takes place. In his closure, 
if the authors could give us the disc dimensions used in these seizur: 
tests, it would be helpful. It would, moreover, be of considerable 
interest to engineers to have, from laboratory tests in actual bearings, 
data as to how the coefficient of friction varies with the non-dimensional] 

ZN 
coefficient ——. 
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Reviews Differences 
in Practice and Opinion 
— S. D. Heron 


Ethyl Gasoline Corp. 


N the discussion of “Detonation Limitation,” a correction of an overall 

bmep figure of 340 to 380 lb per sq in. crankshaft mep is given. It 
is understood that the authors obtain crankshaft mep by adding to the 
observed bmep at the propeller shaft, the mep required to drive the 
blower separately. In this Country it has been observed that the addition 
of a supercharger to a naturally aspirated engine only increases the 
friction horsepower by about three-quarters of the power required to 
drive the blower separately. This is due to the fact that the compressed 
intake air (or mixture) does work on the pistons during the suction 
stroke. In many engines it has been observed that the overall mechan 
ical efficiency is constant irrespective of impeller tip speed (or blower 
compression ratio), provided a fuel can be found which will permit the 
throttle to be opened wide. 

In the discussion of the antiknock effects of water, it is stated that the 
effects of water additions to the charge in suppressing detonation aré 
undoubtedly chemical as well as physical. In this Country it is believed 
that there is inadequate proof for this statement, and some authorities 
consider that the physical effects of water in reducing charge and cylinder 
temperatures are sufficient to explain the observed behavior. 


The discussion of the exhaust-valve problem is of distinct interest, 
particularly since it shows that British practice is somewhat different 
from that now used in this Country. The following comments cove! 


some of the important differences in practice and opinion: 

The authors’ theory as to the mechanism of exhaust-valve attack by 
lead oxide is interesting and there are some data in this Country which 
would support it in part. Burning of the aluminum port subsequent to 
valve burning as described by the authors, however, was experienced by 
the Army Air Corps in 1922 with 
cannot be regarded as due only 
has burned 


an unleaded benzol blend and thus 
Once an exhaust valve 


melting or 


to leaded fuel. 
aluminum cylinder, burning of 
the aluminum port is to be expected since, in either air or liquid-cooled 
engines, the normal exhaust port cooling cannot usually keep the exhaust 


port below the melting point of the aluminum alloy. When valve burn 
flame is likely 


ing has occurred, a high temperature and high pressur 
to be projected against the interior surfaces of the port and melting 1s 
therefore to be expected. 

In connection with the reference to the disparit 
thermal expansion of KE-965 and stellite, it may b 
disparity is approximately 13% 
20% Cr. alloy than it is for KI 

In respect to Fig. 9, our 


seriously in an 


in the coefhicients of 
pointed out that the 
KE-965 and the 80% Ni 
965 and stellite. 

laboratories have 


greater tor 


obtained entirely different 
relative results with a different test method. With specimens exposed to 
molten lead oxide (PbO) at 1800 F (g80 C) for a period of 5 min, tt 
has been found that the attack on 80 Ni. 20 Cr. alloy is 
as great as for American Stellite No. 6 and nine times as great as fo! 
American Stellite No. 1. Subsequent to the reading of th 
have been carried out with a test method involving a 
the specimens to lead oxide. It is believed that this test conforms fairly 
to the Rolls-Royce method described by Dr. Smith in the discus 
sion. With our test method using the 2-hr exposure period, it has been 
found that the relative attack on a valve steel similar to KE-965, on 
American Stellite No. 6, and on 80 Ni. 20 Cr. alloy, is substantially 
equal to the authors’ data shown in Fig. 9. 

Some engine tests of 80 Ni. 20 Cr. alloy on the crowns of hollow 
head sodium-cooled valves have shown that this alloy is veri 
ably better than either the normal austenitic aircraft valve 
American Stellite No. 6 in respect to attack of the crown surface. The 
80 Ni. 20 Cr. alloy has not been used extensively in this Country as a 
substitute for stellite for facing the seats of valves. The test data on this 
application are as yet too limited to arrive at definite conclusions but, 
in some cases, the nickel alloy has proved definitely superior to stellite 
and inferior in other cases. In passing it may be mentioned that we 
have found that the welding qualities of the 80 Ni. 20 Cr. alloy used 
by the authors are greatly superior to resistance wire material of essen- 
tially the same analysis and which is widely marketed in this Country. 
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Processes in Injection Systems 


of Oil Engines 


By S. J. Davies’ and E. Giffen’ 


King’s College, London 


_ stating the general conditions affecting 
injection systems and, in particular, the diffi- 
culties of small cylinder size, the authors treat 
simple systems analytically, and demonstrate ex- 
perimentally the validity of their treatment, lim- 
ited, in the first instance, to open nozzles. The va- 
riables investigated include pipe length, engine 
speed, nozzle dimensions, throttle position, and 
also the viscosity, elasticity, and density of fuels. 
Conclusions are summarized. 


The authors next state the general conditions 
in the more usual systems embodying spring- 
loaded nozzle valves, piping, and special pump 
delivery valves, and gave a general mathematical 
treatment of these factors. They also investigate 
these systems experimentally, and here discuss 
the effects of variables: speed, throttle opening, 
pump delivery valve design, nozzle conditions. 
They conclude with deductions of value to engine 
designers. 


HEN the authors were honored by the invitation to 

present a paper on “Processes in Injection Systems of 

Oil Engines” to the SAE World Automotive Con 
gress, they decided, after lengthy consideration, to treat the 
subject as it has been developed within their own personal 
experience. They wish, of course, to give ample recognition 
to important contemporary contributions to our collective 
knowledge of this subject, and would, in particular, pay 
tribute to the work of Dr. Sass, Dr. Heinrich, Professor 
Naegel and his colleagues, in Germany, Professor Eichelberg 
in Switzerland, Professor Schweitzer and De Juhasz at Penn 
sylvania State College, and Mr. Rothrock and his colleagues 
at Langley Field. The treatment in what follows thus will 
be based on the experimental work carried out at King’s 
College, London, during the last nine years*; the progress in 


[This paper was presented at the World Automotive Engineering 
Congress of the Society, New York, N. Y., May 26, 1939.] 

1 Professor of Mechanical Engineering. 

* Reader in Mechanical Engineering. 

‘See Proceedings of the Institution of Automobile Engineers, Vol. 
XXV, 1930-1931, pp. 399-426; Vol. XXVII, 1932-1933, pp. 506-531; and 
Vol. XXVIII, 1933-1934, pp. 456-482, all by S. J. Davies and E. Giffen; 
also Vol. XXXI, 1936-1937, pp. 278-301, and (Proceedings of the Institu- 
tion of Mechanical Engineers, Vol. 141, October, 1939, pp. 519-535, both 
by S. J. Davies and A. W. Rowe. 
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this field will be traced and various conclusions of importance 
to engine designers will be indicated. The paper is, in one 
sense, a review of this particular development, and this ap- 
pears to the authors quite appropriate for the Congress. 
Conditions Affecting Injection Systems 

The practical desiderata of injection equipment have long 
been understood, and satisfactory equipment had been pro- 
duced long before the theoretical basis of its operation was 
understood: practice was well ahead of theory. In an engine 
flexible as regards speed and load, the equipment must give 
the following: 1. correct metering of the fuel to the engine at 
all desired speeds and loads; 2. delivery of the metered fuel 
into the cylinder at a suitable pressure and rate; 3. suitable 
subdivision or atomization of the fuel at the nozzle, and suit- 
able control of its direction and penetration: all these, when 
combined with the motion of the air in the cylinder, permit- 
ting combination of fuel and air in a manner giving satisfac- 
tory combustion. The present paper is concerned with the 
processes in the pump, the piping and fuel valve or nozzle, 
but no consideration will be given to what happens to the 
fuel after it leaves the nozzle. 

The factors which tend to prevent the satisfactory per- 
formance of injection equipment are elastic deformation, 
under dynamic loading and under fuel pressure, and wear of 
the parts, both of which may offset the precision of the parts 
as manufactured. In multicylinder engines, equality of the in- 
jection characteristics is highly desirable, although this result 
is more and more difficult to achieve as the cylinder sizes 
become smaller. In passing, it may be pointed out that the 
effects of inequality of distribution in an oil engine are dif- 
ferent from those in a gasoline engine: in gasoline engines, 
output is practically unaffected, but the fuel consumption is 
increased; in oil engines, on the contrary, the specific con 
sumptions trom the individual cylinders remain practically 
the same when inequality is present, but the outputs or mean 
effective pressures from the cylinders are unequal. So that, 
if the cylinder giving the greatest output is at the limit of 
possible mean effective pressure —as determined by the state 
of the exhaust —the remaining cylinders will be developing 
less than their maximum output, with a consequent reduction 
of the total output of the engine. 

This effect will be shown when the injection characteristics 
to all the cylinders are practically similar, but when differ 
ences are present in the quantities. Further, even when the 
quantities have been balanced—which is the rough check 
commonly employed — the total output still can be restricted 
through want of similarity of the characteristics of injection 
into the separate cylinders. Suppose, for example, that, 
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through some defect of injection on one of the cylinders, a 
small part of the fuel is injected too late into that cylinder; 
this will cause an unsatisfactory exhaust, even though the 
quantity injected late may be such a very small proportion 
of the total fuel per injection as to be otherwise negligible. 
Thus, while all cylinders actually may be developing equal 
mean effective pressures, this defect of injection, by causing a 
lowering of the maximum mean effective pressure possible 
with a satisfactory exhaust in the one cylinder, brings about 
a reduction of the maximum output of the engine, so that 
injection systems must be so designed and made that they 
give equality of distribution to the various cylinders, not only 
as regards quantity, but also as regards the similarity of in- 
jection characteristic. 

To secure this desirable similarity of injection characteris- 
tic, it is mecessary, apart from accuracy of manufacture, to 
arrange that in the separate injection units the conditions of 
supply of fuel to the suction side of the pumps, as well as 
the conditions on the delivery side of the pumps, are exactly 
similar. On the delivery side, undesirable changes in the 
injection characteristic, as well as in injection lag, will follow 
the use of pipes of different lengths; so that, even if the 
differences of injection lag be compensated for at a particular 
speed of revolution, inequality of mean effective pressure will 
occur, with a consequent reduction of total output. But 
exact similarity in the suction conditions to the separate 
cylinders is equally important; this is usually, however, not 
in the hands of the engine designer, but of the pump manu- 
facturer. 

Once suitable precautions in installation have been taken, 
only from inaccuracy of manufacture can inequalities arise, 
and it is precisely in this field that the tendency towards 
higher speeds of revolution and smaller cylinders has ac- 
centuated the difficulties. The practical aspect of these dif- 
ficulties is best explained as follows: a 1-cyl experimental 
unit is found to develop a certain horsepower at a certain 
speed and, with the probably lower relative mechanical losses, 
a 4cyl unit of the same dimensions might be expected to 
develop rather more than four times this horsepower at the 
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Fig. | -—Pressures in fuel pipe during injection 


same speed; it is common experience that this is very difficult 
to realize. 

With the cylinder dimensions at present commonly in use, 
say, 4-in. bore and 6-in. stroke, the deficiency of output which 
may arise from inequality of distribution is not of such an 
order as to render the resulting lower mean effective pressure 
too low for the practical demands of engines for road trans- 
port. But, in order to improve the power/weight ratios of 
oil engines, higher speeds of revolution are necessary, for 
which, while retaining for mechanical reasons the same piston 
speeds, the cylinder dimensions must be reduced. Thus, an 
engine of 4-in. bore and 6-in. stroke may run up to 2400 rpm, 
where it will have a mean piston speed of 2400 fpm. For 
an engine to run at 3200 rpm without exceeding this piston 
speed, the corresponding stroke will be 4% in. which, re- 
taining the same geometrical form of combustion chamber, 
gives a cylinder bore of 3 in. 

Now the result of this change of bore from 4 in. to 3 in. 
is a reduction in the volume of the combustion chamber in 
the proportion of 4° : 3° or 64 : 27; that is, 2.37: 1. Other 
things being equal, this involves corresponding reduction in 
the quantities of fuel per cycle to be injected to each cylinder. 
So that, even without a corresponding reduction in the sizes 
of the pumps, the tolerances in manufacture which would be 
permissible in the case of a multicylinder engine of 4-in. bore 
would be far too wide for an engine with cylinders of 3-in. 
bore. Further, the dimensions and weights of fuel pumps for 
engines having a cylinder bore of 4 in. become disproportion- 
ately great when, as often is the case today, they are applied 
to engines of 3-in. bore. But the desirable decrease in linear 
dimensions of the pumps renders still more difficult the at- 
tainment of the necessary accuracy of manufacture. 

This comparison, made admittedly on broad lines, serves 
to illustrate the order of the demands made on the manu- 
facturer of injection equipment by the engine designer when 
he wishes to improve his power/weight ratio by increasing 
speeds of revolution. It serves also to emphasize that the 
improvement in the manufacture and design of injection 
equipment which should follow, on the one hand, frem ex- 
perience in manufacture, and, on the other hand, from a 
fuller knowledge of the processes involved in injection sys- 
tems, will not only tend towards an improvement in the per 
formance of existing designs, but will also assist in widening 
the fields of application of compression-ignition engines. 


Analytical Treatment of Simple Systems 


At the outset of the experimental work, it was considered 
that the following properties of the fuel might be of impor- 
tance: elasticity, density, viscosity. Allievi’s theory had been 
applied analytically by Eichelberg and Sass, but this theory 
neglected the effect of viscosity, and the authors wished to 
ascertain how far this theory could be applied to actual in- 
jection systems. They chose a simplified system, similar to 
that of the Junkers engine, with an “open” nozzle, and first 
examined analytically the variables of such a system. They 
next investigated a similar system experimentally, to ascertain 
how far their conclusions obtained in practice. 

There are two basic relationships which any rational treat 
ment of this subject must take into account. First, that any 
change of pressure at a point in the fluid is propagated to all 
points in the fluid with the “speed of sound in that fluid.” 
So that, if a change of pressure takes place in the fluid at 
one end of a pipe — caused, for example, by the motion of a 
pump plunger —this change of pressure travels to the other 
end of the pipe —the fuel nozzle—in the form of a wave 
having the speed of sound. A definite interval of time, de- 
pending on the length of the pipe, must elapse, therefore, 
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between any action at the pump and the resulting action at 
the nozzle. This “speed of sound,” v,, depends only upon 
the density, ¢, and the compressibility of the fluid, the rela- 


* ; K-¢ “a 
tionship being » = 4 “9 where K is the bulk modulus 


of elasticity, that is, the reciprocal of the compressibility. 

Secondly, if at any point in the fluid, there is from one 
instant to another a change of velocity, a corresponding change 
occurs in the pressure, this change of pressure being propa 
gated through the fluid with the speed of sound. The rela 
tionship between change of velocity and the resulting change 
of pressure 1s: 


ch: ange of pressure Bulk modulus, K K-p 


change of veloc ‘ity “spec ed of sound, t gq 


Under the conditions prevailing in most lili systems, 
this relationship is practically constant, so that change of 
pressure may be taken as directly proportional to the change 
of velocity of the fluid. And this principle holds indepen- 
dently of the interval of time during which such changes may 
occur, and whether the changes of pressure and velocity are 
increases or decreases. Consider, for example, steady flow 
taking place in a pipe, and let this flow be interrupted, as 
by the sudden closing of a valve. The effect of the stoppage 
is that the fluid, by virtue of its change of momentum, builds 
up a pressure at the obstruction; the pressure so built up 
travels as a wave backwards through the fluid, as successive 
sections of the fluid experience the change of momentum. 
The magnitude of the increase of pressure so brought about 
is, in accordance with the second relationship, dependent only 
on the change of velocity. 

In this case, a complete stoppage of the flow has been as 
sumed, but the same effect will be produced, but to a cor 
respondingly reduced degree, if the flow is restricted only 
partially, such as would occur with the partial closing of the 
valve. The intensity of the pressure wave so set up is, of 
course, not so great as with complete stoppage, but is directly 
proportional to the momentum destroyed. 

In fuel-injection systems, momentum is given to the oil 
at the plunger of the fuel pump, the pressure wave being 
positive and traveling in the same direction as the flow, that 
is, toward the nozzle. If the nozzle remains closed, the wave 
will be reflected totally and will travel back towards the 
plunger, the increase of intensity of pressure caused by the 
reflected wave being, in this case, equal to that caused by 
the forward wave. If the nozzle is open, the pressure wave 
will be reflected partially, the magnitude of this reflected 
wave being proportional to the reduction of the velocity in 
the pipe due to the restriction. 

Forward movement of the pump plunger reduces the vol 
ume enclosed between the plunger and the nozzle, and thus 
tends to increase the pressure; on the other hand, flow through 
the nozzle tends to decrease the pressure. At any instant, 
therefore, the pressure conditions in the system must, as a 
whole, correspond to the instantaneous volume and the mass 
enclosed in this volume; that is to say, the pressure conditions 
must satisfy, for the mass concerned, the relationship: 

stress, or increase of pressure 





strain, or specific decrease in volume 


the bulk modulus of elasticity. The instantaneous pressure 
conditions at different points in the system need not be uni- 
form, and the distribution of pressure may vary from instant 
to instant. 

The elements of those injection systems commonly used in 
oil engines are the pump, the injection nozzle and, usually, 
the connecting piping, each of which exerts its own influence 
upon flow through the system. The pump can influence the 
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flow by its design as regards the arrangements for suction, 
the beginning and cutting-off of delivery, and variation in 
the rate of delivery; the injection nozzle exerts an influence 
depending upon the area offered to flow, and whether this 
area is constant, as in an open nozzle, or varies in a more or 
less complex manner, as in a nozzle with a spring-loaded 
valve; the dimensions of the piping chiefly affect the manner 
in which the changes in pressure distribution can occur. 

The simplest possible conditions, involving pump, piping, 
and nozzle, have been taken as follows: simple open nozzle, 
of effective cross-section one-fortieth of that of the pipe inject- 
ing into the atmosphere; the area of the pump plunger is 
twenty-five times that of the cross-section of the pipe; the 
pump plunger moves with a uniform velocity of 1 fps; the 
time of delivery from the pump is 0.004 sec; beginning and 
end of delivery at the pump plunger are instantaneous; bulk 
modulus of the oil “in the pipe,” 266,500 lb per sq in.; specific 
gravity of the oil, 0.86; corresponding speed of sound “i 
the pipe,” 4800 fps; the length of pipe is 23 in., giving, for 
the time for a disturbance to travel along the pipe, 23/(12 x 
4800) = 0.0004 sec, or one-tenth of the delivery period. 

Results of calculations over the complete injection period 
are given in Fig. 1. The delivery from the pump, it will be 
remembered, occupies 0.004 sec, that is, ten intervals of 0.0004 
sec. At the end of the tenth interval, delivery into the pipe 
ceases, and the wave reaching the pump end of the pipe at 
this instant is not reflected. Instead, the oil at this end of the 
pipe is brought to rest, and a negative wave is now propa 
gated towards the nozzle. When this negative wave reaches 
the nozzle, it is reflected partially, as before, still further 
reducing the pressure in the pipe. This process continues 
until the pressure at the nozzle and in the pipe falls to that 
of the atmosphere, which, in the case considered, occupies a 
further seven intervals. 

It is now possible from the data of Fig. 1 to compare the 
process of injection at the nozzle with the rate of delivery 
from the pump. Fig. 2 thus shows, on a base of time, com- 
parative curves of rate of injection and rate of delivery from 
the pump for the case considered, given respectively as actual 
nozzle velocity V,, and “corresponding pump-plunger veloc- 
ity” (= actual & 25 X 40). The first point to be noticed is 
that injection at the nozzle does not begin until the end of 
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Fig. 3 — Variation of velocity at nozzle during injection — Effect 
of engine speed 


the first interval, corresponding to the time taken by the 
initial pressure-wave front to travel from the pump to the 
nozzle. This is termed the “injection lag,” and, in the simple 
system considered, depends for a given fuel and pipe material 
on the length of the pipe only, being independent of engine 
speed and pump-plunger velocity. 

It will be seen in Fig. 2(a) that the nozzle velocity or rate 
of injection increases in steps. These steps are of decreasing 
magnitude, the velocity tending towards that corresponding 
to the displacement of the pump plunger. In the present 
case, in which delivery from the pump ceases at the end of 
the tenth interval, the nozzle velocity at the end of the 
eleventh interval, allowing for the lag, is 884 fps instead of 
1000 fps, which would correspond to the pump-plunger dis 
placement. Discharge from the nozzle continues, but with a 
rate decreasing in steps, as shown in the figure. Thus, when 
the time of pump delivery is 0.004 sec, injection continues 
during 0.0064 sec. So that, even in the simplest case, as a 
result of the manner in which the pressure is built up in the 
pipe and afterwards released, the conditions at the nozzle are 
always different from those at the pump, the maximum rate 
of injection being less, and the time of injection longer, than 
the values corresponding to the motion given to the plunger. 

In Fig. 2(b) the variations in pressure at the nozzle during 
the injection period are shown, the differences in form be- 
tween this curve and the velocity curve being due to the fact 
that the pressure is proportional to (velocity)?. Although, as 
stated earlier, the rate of injection is the important factor, one 
method of investigation is to record the variations in pressure 
in the piping; curves of pressure variation obtained analyti- 
cally, such as that in Fig. 2(b), might then be used as a basis 
‘of comparison for experimental results. 

This analytical method was then applied to show the effects 
of other variables. One matter which has considerable bear- 
ing on the flexibility of an engine is the effect of change of 
engine speed on the injection characteristic. Curves for the 
speed of the basic case and for double this speed are shown 
in Fig. 3, plotted on crank angle. The injection lag is, of 
course, independent of speed when measured in seconds, but 


varies directly with speed when measured in degrees of crank 
angle; in Fig. 3 that for the higher speed is thus double the 
value for the normal speed. Since, at the higher speed, the 
available time of pump delivery is halved, the corresponding 
pump-plunger velocity is doubled, that is, 2000 fps, against 
1000 fps. In spite of this, the maximum nozzle velocity is 
only 1275 fps, against 884 fps at the normal speed. Further, 
it is seen that, although the pump delivery angles are equal, 
the higher speed shows an injection angle nearly twice 
as great as the normal: a point of considerable practical 
importance. 

The form of the curves after the end of pump delivery for 
the higher speed requires some explanation. With the simpli 
fied conditions so far met with, the initiation of the negative 
pressure wave at the plunger coincides with the arrival of a 
positive reflected wave from the nozzle. At the higher speed, 
it happens, with the given conditions, that the negative wave 
leaves the plunger at the same instant as the reflected wave 
leaves the nozzle, so that the conditions at the nozzle change 
at the end of successive single intervals, instead of after double 
intervals. The action of alternate negative and positive waves 
The end of delivery 
reveals a special peculiarity: the negative wave would, if pos 


leads, therefore, to the curves shown. 


sible, reduce the pressure below zero pressure, as shown by 
the dotted lines; this cannot be, but the result is that injection 
is discontinued during one interval and then resumed up to 
final cut-off. nozzle of 
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Fig. 4— Variation of velocity at nozzle during injection — Vari- 
ous pipe lengths 


that is, which would 


a vacuum, after cut-off is also possible, 
lead to gases being drawn back into the pipe. 

The effects exerted by various lengths of piping upon the 
injection characteristic are shown in Fig. 4. Three pipes are 
shown, the dotted curve being that used for the previous 
figure, of 23 in. length; of the other two pipes, one is halt 
this length, 11.5 in., and the other is double this length, 46 in. 
It already has been stated that, under the assumed conditions, 
“injection lag” depends only on pipe length. This is at once 
clear from the curves. It will be seen also that the shorter the 
pipe, the more closely does the nozzle velocity approximate 
that corresponding to the movement of the pump plunger. 
The period of injection is shorter with a shorter pipe, the 
advantage being relatively much greater during the release or 
“cutting-off” part of the injection than during the time of 
pump delivery, so that, the shorter the pipe, the smaller the 
injection lag, the shorter the time of injection, and therefore 
the higher the pressure and velocity through the nozzle - 
leading to better atomization of the fuel. The interaction of 
negative and positive waves, referred to in the last paragraph, 
is again responsible for the form of the characteristic during 
cutting-off with the longest pipe. 

The next change considered was that of the size of the 
nozzle. Two nozzles were taken, one being that considered 
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earlier, in which the effective cross-sectional area was assumed 
to be one-fortieth of that of the pipe while, in the second, the 
cross-sectional area was one-thirtieth. Curves of pressure at 
the nozzle are shown in Fig. 5, the solid line being that for 
the standard nozzle, which has the smaller section, the broken 
lines relating to the larger nozzle. 

It will be noticed that the increments of pressure are much 
greater with the smaller nozzle and, as a result, it reaches the 
higher maximum pressure of 4518 lb per sq in. against 3000 
Ib per sq in.; the period during which pressure is built up- 
of length equal to the period of pump delivery — is the same 
in the two cases. In contrast to this, however, the behavior 
during release of pressure iS very different; the steps of pres- 
sure reduction are much greater with the larger nozzle and 
injection is completed actually in a further four intervals of 
time — against a further six with the smaller nozzle — and, 
even then, the pressure in the last two of the four is very low. 

The curves of discharge for the two cases are plotted in 
Fig. 6 as “proportion of pump delivery,” on a base of time. 
This diagram shows that the larger the nozzle, other con 
ditions being equal, the more nearly does the curve of dis 
charge approach that of the pump delivery. The injection lag 
is, naturally, the same in the two cases, and both curves reach 
their maximum values at the same time but, in the period of 
pressure release, the larger nozzle shows a more rapid falling 
oft of discharge and an earlier end to the injection. 


Experimental Results with Open Nozzles 


In considering possible ways of investigating actual injec 
tion characteristics, it was decided, if practicable, to use a 
) 


direct method, the object being to obtain curves of velocity 


on a base of time, comparable with those developed analyti 
cally. The simplest method appeared to be one using the 
stroboscopic principle, in which a slot of definite width in a 
disc rotating at the speed of the pump driving shaft is caused 
to pass across the path of the jet leaving the nozzle. In any 
one angular position of the slot in the disc, the fuel injected 
while the slot is passing the nozzle is collected in a suitable 
vessel for measurement. By progressively altering the angular 
position of the disk relative to the driving shaft, the particular 
phase angle at which the fuel. is collected may be varied over 
the complete injection period. By this means a curve showing 
rate of injection per degree of pump angle may be plotted 
directly on a base of pump angle. Such a curve is, of course, 
readily converted to one giving nozzle velocity on a base 
of time. . 

The main shaft of the apparatus, motor-driven by belting, 
is secured rigidly during a test both to the pump and to the 
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disc; the relative angular position of the disc to the pump 
cam may be varied by a graduated coupling. The nozzle 
injects directly through the slot, 1 deg wide, in the disc, and 
then into the measuring vessel. A shutter, covering the end 
of the vessel, permits an accurate timing of the beginning and 
end of the collection of fuel, corresponding to any desired 
number of revolutions, as given by a counter. Fuel not col 
lected passes into the disc casing and is drained away. 

In the tests to be described first, the pump was of Junkers 
design and manufacture, of the simple plunger type, suction 
and cut-off being controlled by ports in the pump cylinder 
and their relation to the plunger —roughly similar to the 
Bosch pump. The delivery valve is of the double-ball non 
return type. The nozzle used in the early tests was of the 
“open” type, with a single hole; the pipes were of steel, 2mm 
bore and 6-mm outside diameter. Tests were run at various 
speeds, with different lengths of piping and with different 
nozzle sizes. The test results thus permit comparison with 
the analytical curves. 

For the tests at various speeds, it was decided to show the 
results both on time and on crank angle. The results for a 
series ol speeds from 200 to 1000 rpm are given, therefore, in 
Fig. 7 on time. Remembering that all other conditions are 
constant, it is seen that the effects of speed variation upon 
the injection characteristic are most marked. The building 
up of pressure at the lowest speed has sufficient time to be 
complete relatively early and, with the exception of certain 
humps on the curve, follows closely the pump characteristic. 
Cut-off is also a gradual process. In other words, the available 
time is so long that the effects of the pressure waves are rela 
tively unimportant. As low as 400 rpm, however, the effects 
ot the waves begin to dominate the processes. The effect of 
an increase of speed on the building up of pressure is an 
increased acceleration of the rate of injection, as shown by the 
increased general slope of the curves. The maximum rate ol 
injection attained increases, but by no means proportionately 
to the increase of speed. The maximum is reached propor 
tionately earlier with increase of speed. Atomization is there 
fore better at the higher speeds. 

Consideration of the forms of the curves during the falling 
off period is also interesting, and especially as regards the 
effects of the wave motions prevailing at different speeds. For 
instance, at 1000 and 800 rpm the interaction of positive and 
negative waves referred to in connection with Fig. 3 is clearly 
to be seen from the deep hollows at every step. At 600 rpm 
this interaction has practically vanished, and the plain steps 
of the normal analytical curve are almost realized. At 400 
rpm the steps are only just to be seen while, at 200 rpm, they 
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being nozzle velocity, while in Fig. 8 they are quantities per 
degree of crank angle—it is clear that the conclusions de- 
duced analytically in Fig. 3 are supported most satisfactorily 
by the test results of Figs. 7 and 8. 

Tests were made, at the same speed of 600 rpm, with two 
different lengths of piping, one béi:g approximately twice 
the length of the other. The conclusions from Fig. 4 were, 
briefly: the shorter the pipe, the earlier the beginning of injec- 
tion, the shorter the total period @f injection, and the higher 
the maximum pressure and velocity at the nozzle. Further, 
the period of cutting-off in Fig. 4 was relatively much shorter 
with the shorter pipe. It will be seen that all of these conclu- 
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have vanished. The lower the speed, the later the actual end 
of delivery. 

These results also are given in Fig. 8 on crank angle as 
base and, fram these curves, conclusions of practical impor 
tance may be drawn. It will be noticed that, in comparison 
with Fig. 7, the quantities injected per degree of crank angle 
are now reversed in order of magnitude, the curve for 200 
rpm being the highest, and that for 1000 rpm, the lowest. As 
regards the injection itself, the principal differences between 
the curves at various speeds concern the cutting-off period, 
the crank angles during which nozzle pressures are being 
built up being roughly the same at all speeds — in spite of the 
5:1 range. During the cutting-off period, however, the differ- 
ences are so great that the total period of injection at 1000 
rpm is actually twice as long, on a crank-angle base, as that 
at 200 rpm. Although these curves are not directly compa- 
rable with the analytical curves of Fig. 3 —the ordinates there 
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sions are corroborated by the experimental results plotted in 
Fig. g. 

Experiments were carried out with nozzles of three dit 
ferent cross-sections, all other conditions being maintained 
constant. The nozzles were of plain cylindrical form, of 
diameters 0.0075, 0.0125 and 0.0195 in., respectively, with a 
constant length/diameter ratio of 6.7:1. The coefficients of 
discharge of nozzles of this form were investigated by 
Holfelder, and the value of 0.62 is taken from his results. 
The internal diameter of the pipe was 2 mm, giving the 

cross-section of pipe 


values for the ratio, ——— 
cross-section of nozzle 


of 110, 40, and 
17:1, respectively. 

The results of the tests, plotted in the usual form as dis 
charge in cu mm per deg of crank angle, are given in Fig. 10, 
where the differences between the curves obtained are seen to 
be extraordinarily large and apparently not especially con- 
sistent between the three sizes of nozzle. A little reflection, 
however, shows — from the fact that, although the total quan 
tities discharged are the same for all three nozzles, the 
velocities are affected by the dimensions of the nozzles — the 
real basis of comparison to be the velocity from the nozzle 
rather than the quantity per degree. From the discharges per 
degree given in Fig. 10 the corresponding velocities from the 
nozzle have been calculated and are given as curves in Fig. rr. 

In this figure it is seen that, by comparison with Fig. 10, 
the relative positions of the curves for the three nozzles are 
now reversed; further, in their forms and heights, the curves 
show a more definite relationship one to another. Leaving 
for the present the difference of injection lag shown on this 
and the former figure, it is seen that the velocities are con- 
sistently higher as the areas of cross-section of the nozzles are 
reduced. On the other hand, there are material differences 
in the forms of the curves; in all three cases practically the 
same interval of pump angle is taken for the increase of 
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velocity to its maximum —corresponding to the period of 
delivery from the pump — but the rate of increase of velocity 
is much less with the smallest nozzle, and increases with 
increase of size of nozzle. The differences in the forms of the 
curves during the period of pressure release are even more 
marked; release takes place so much more slowly with the 
smallest nozzle that the release period on the curve in ques- 
tion is seen to extend over more than 30 deg of pump angle. 
The apparent inconsistency at the end of injection between 
the curves for the two largest nozzles now will be referred to. 

The pressures corresponding to the velocities given in 
Fig. 11 were calculated and are given as curves in Fig. 12. 
The ordinates on these curves are, of course, proportional to 
the squares of the ordinates of Fig. 11, and the order of their 
values emphasizes the great differences for the three cases: 
with the smallest nozzle the pressure exceeded 6000 |b per 
sq in. while, with the largest nozzle, it never reached even 
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Fig. 11 — Effect of cross-sectional area of nozzle — Velocity 
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Fig. 10 — Effect of cross-sectional area of nozzle —- Speed, 600 
rpm; nozzle diameters in in.: |, 0.0075; II, 0.0125; III, 0.0195. 
Length-diameter ratio throughout, 6.7:1 


500 lb per sq in. The results from the latter nozzle represent 
an extreme case, since, although the total quantities dis- 
charged were the same as with the other two, the pressures 
and velocities are exceptionally low. 

The lowness of these velocities would appear to suggest 
reasons firstly, for the differences in the injection lag, and, 
secondly, for the inconsistencies between the curves of the 
largest nozzles towards the end of the pressure release period, 
referred to above. With the stroboscopic method of measure 
ment of quantities discharged employed in the experiments, 
a certain minimum order of relative velocity of jet to rotating 
disk is necessary in order to attain extreme accuracy of timing. 
The general consistency between the curves obtained before 
this series would support the assertion that the test conditions 
with the one nozzle used so far —the middle size of the three 
under immediate consideration — have been satisfactory. With 
the largest nozzle, giving the low velocities, it would appear 
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Fig. 12— Effect of cross-sectional area of nozzle — Pressure 
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possible over the lower regions of the curve for an angular 
displacement of the fluid to take place, due to windage, before 
the jet passes through the slot in the disc. This angular 
displacement would have the effect of distorting that part of 
the curve for the largest nozzle at low discharges, in such a 
way that it is always shown later on the diagrams than it is 
in actual fact. This would account for the greater injection 
lag shown on the curves with the largest nozzle, and also for 
the incorrect relative slopes and the crossing over of the curves 
for the two largest nozzles near the end of injection. This 
explanation was not immediately apparent, but was only 
arrived at after these effects of variation in the cross-section 
of nozzles had been compared with those found analytically. 

From the various characteristic curves already considered, 
it is evident that the complete injection process consists of 
two more or less distinct periods: the first period, during 
which the nozzle pressure is built up to its maximum value, 
corresponds broadly to the pump delivery period, while the 
second period is that during which the nozzle pressure is 
released and injection is cut off. From the point of view of 
practical running, consideration of the second period is of 
equal importance to that of the first. The first determines the 
conditions of the atomization of the main portion of the 
charge of fuel, and thus the fuel consumption; but the second 
may, if unduly prolonged, give bad results as regards the state 
of the exhaust. In view of the importance of cut-off, certain 
other tests were made, the results of which throw further 
light on this matter. 

In Fig. 13 three curves are shown giving the injection 
characteristics corresponding approximately to three different 
engine outputs at constant speed, namely, full load, one- 
quarter load, and light running. It will be seen that, at light 
load, cut-off interrupts the building-up of nozzle pressure, the 
curve of pressure rise merging directly into the curve of 
pressure-release. At higher loads the injection process follows 
the same curve right up to the point where cut-off begins. 
In all three cases, once cut-off has begun, the curves of pres- 
sure release follow sensibly the same course, the slight differ- 
ences following from the different intensities of pressure 
prevailing when cut-off begins. It may thus be concluded 
that the curves of pressure release are not dependent upon 


the action of the pump, but are controlled only by the con. 
ditions of the injection system as a whole. 

In all the analyses and experimental curves so far consid- 
ered, the physical properties of the fuel have been constant, 
and viscosity has been neglected. It seemed to the authors 
desirable next to investigate the effects of change in viscosity, 
elasticity, and density of the fuel. 

The gas oil used so far in the experiments was accordingly 
mixed with increasing proportions of lubricating oil, giving 
mixtures of increasing viscosities. The properties of these 
were: 


Oil A B C D E 
0.841 


Specific gravity 0.849 0.858 0.866 0.870 
Percentage of lubricating 

oil added 0 10 20 30 35 
Viscosity, Redwood 

No. 1, sec 39 47 59 70 95 


These mixtures were supplied to the pump and injected 
through the apparatus, in the manner described earlier, all 
under the same conditions of cut-off, all at 600 rpm, and 
using the same pipe, 33 in. long. The actual injection char- 
acteristics observed were such that the differences are def- 
initely not of an order to affect any of the previous 
conclusions. 

That a longer pipe may be expected to show differences 
more marked than these is clear, and a further series of tests 
was therefore made with mixtures similar to 4, C, and E, but 
with a pipe 98 in. long—three times as long as the former 
one. The results are given in Fig. 14. These curves show 
with all three oils the increase in the injection period — espe 
cially the prolonging of the “cutting-off” period, during which 
the pressure is being released — to be expected with the longer 
pipe; but the differences between the respective curves are 
very slight, showing that the modification to the injection 
characteristic by increasing the viscosity in this way is again 
negligible. 

In order to extend the range of physical properties tested, 
exactly similar tests were conducted with water and alcohol as 
the fluids, and the results were compared with those from the 


usual gas oil. The properties of these three liquids are as 
follows: 


AP 
AV 
Bulk Speed of IK 
Viscosity, Modulus, Sound, »,, ¥ = 
Density sec Ib per sq in. fps g 
Fuel oil 0.86 39 266,500 4800 8000 
Alcohol 0.81 29 180,000 4060 6400 
Water 1.0 29 310,000 4800 9300 


The differences in viscosity are very small but, following 
from the differences in density and bulk modulus, it is seen 
that, although the speeds of sound in fuel oil and water 


happen to be the same, the speed of sound in alcohol is some 
: , ‘a | er 
what less; further, the values of the relationship —— given 


in the last column, show that alcohol, fuel oil, and water are 
in ascending order of magnitude with respect to the intensity 
of pressure waves. 

Now, while the speed of sound in any particular case will 
determine the injection lag, the increase of pressure corre 
sponding to a certain change of velocity in the fluid will 
determine the rapidity with which the pressure at the nozzle 
will increase — and will thus determine the velocity through 
the nozzle and, with the open nozzle in question, will deter- 
mine also the rate of discharge. Since the velocities of the 
pump plunger under which the tests upon all three liquids 
were carried out were exactly the same, the increase of 


pressures may be expected to vary in direct proportion to the 
values in the last column. 
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Fig. 15 shows the curves obtained by experiment with the 
normal conditions at a speed of 600 rpm. Although differ- 
ences only of injection lag are recorded and, with the order 
of difference of the speed of sound, these are necessarily small 
in amount, it is clear that alcohol has the greatest value. On 


AP : 
the other hand, av has its greatest value for water, and the 


corresponding curve is shown to rise the most rapidly and to 
a higher value than with the other two fluids, which have 
slopes and maximum values which are of an order agreeing 
with their values of —— 

The conclusions of importance for oil-engine practice then 
drawn from this investigation with an “open” nozzle may 
be briefly summarized as follows: 

1. The injection characteristic cannot be inferred directly 
from pump action but, since the relationship depends upon a 
number of distinct factors, every injection system must be 
considered as a whole. 

2. Constant delivery from the pump gives, with the usual 
injection system, increasing rate of injection while the pres- 
sure is built up by repeated wave motion. At the end of 
pump delivery the pressure-release period follows, this again 
being determined by wave action in the system. 

3. With increasing pump delivery, the rate of increase of 
injection is correspondingly greater; with decreasing pump 
delivery, this rate of increase is correspondingly less. With 
suitable pump-plunger motion, any desired injection charac- 
teristic may be obtained. 

4. A change of speed changes the injection characteristic. 
A higher speed gives a higher rate of injection, but not in 
proportion to the increase of speed. The injection lag is the 
same on time, but proportionately longer on crank angle. On 
crank angle, the beginning of release is roughly constant, but 
the pressure-release period increases with speed. 

5- The pressure-release period depends on the system, but 
not on pump delivery. 

6. A longer pipe involves a greater injection lag. It gives 
also a lower maximum pressure at the nozzle, a slower 
building-up of pressure, and a relatively much slower release 
of pressure. 


7. Changes of nozzle size do not affect the time for the 
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Fig. 15 — Effect of bulk modulus and density 


increase of pressure at the nozzle to a maximum. The smaller 
the nozzle, the longer the cutting-off period. 


Spring-loaded Nozzle Valves 

In beginning the investigation of systems involving spring- 
loaded valves at the nozzle, the authors considered the new 
factors introduced to be as follows: 

The conditions at the nozzle end of the pipe are not then 
of the practically constant order of the open nozzle, where 
the variation of cylinder pressure is the only important change, 
but vary in a complicated manner. When the spring-loaded 
valve is on its seating, its opening, which determines the 
beginning of injection, depends on the spring loading in this 
position, the fuel pressure, and the cylinder pressure on the 
circular area of the valve exposed to this; to return the valve 
again to its seating at the end of injection, the conditions are 
somewhat different, since flow through the valve is in prog- 
ress and the fluid pressure acting to prevent this return is 
operating on a greater area since the valve is off its seating. 

Again, the rate of loading of the spring and the form of 
the nozzle orifice determine if the valve will, on opening, rise 
immediately to its fully open position, remaining there until 
it closes rapidly at the end of injection — this giving a practi- 
cally constant nozzle cross-sectional area during injection — or 
if, with other spring conditions, the valve lift, and thus the 
area will be caused to vary with the pressure in the pipe, to 
ensure finer atomization at relatively low pressures. The 
natural period of oscillation of the spring and the valve, com- 
bined with the inertia of the moving parts, may introduce a 
further modification to the motion of the valve, and thus to 
the nozzle area. 

But, although the variation of the area through the nozzle 
during injection obviously exerts a great influence on the 
discharge, this is not the only factor —additional to those 
which apply equally to open nozzles —calling for considera- 
tion. A further modification to the conditions is introduced 
in some systems by the fact that, after the end of one injection 
and before the beginning of the next, there is a closed volume 
between the delivery of the pump and the nozzle-valve: the 
“residual pressure” of the oil in this volume plays a definite 
part in connection with the total injection lag. 

This residual pressure would, at first sight, appear to equal 
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that behind the nozzle valve at closing but, in most cases, it 
has a quite different value. It is clear from what has been 
said earlier that the instantaneous pressure at the nozzle at 
the instant of closing may, with the negative waves passing 
to and fro in the pipe, be quite different from those at other 
parts of the pipe. The magnitude of the steps of pressure 
drop varies with the changes of velocity in the pipe, which 
themselves depend on the design of the system. The change 
in velocity at cut-off of pump delivery depends on the velocity 
in the pipe before cut-off, on the method of cut-off, whether 
sudden or gradual, and also on the extent to which the oil at 
the pump is actually affected by the cut-off. For instance, the 
oil may be brought to rest at the pump end, as when a simple 
non-return valve is fitted there; it may be given a negative 
velocity brought about by increasing the volume at that end 
by a special type of pump delivery valve or, in the extreme 
case, by putting that end of the pipe into open communication 
with the suction side of the pump. 

These various differences of design may influence pro- 
foundly the residual pressure. In addition, changes of relative 
dimensions, such as the cross-sectional areas of pump plunger, 
pipe and nozzle, and the speed of the pump plunger, are 
obviously also to be taken into account. It already has been 
seen that increased speed, decreased pipe diameter, and in- 
creased nozzle cross-section all result in larger steps of nega- 
tive pressure during the period of injection after delivery from 
the pump has ceased. 

The closing of the nozzle valve normally will follow the 
arrival of one of these negative waves, and the magnitude of 
the pressure behind the nozzle at the instant of closing may 
be below the valve-closing pressure, by an amount depending 
upon the intensity of the negative pressure wave and on the 
pressure prevailing immediately before its arrival at the 
nozzle. The intensity of the negative wave and the pressure 
at the nozzle before the arrival of a wave both are influenced 
strongly by the speed of revolution. 

It follows, therefore, that, in any system in which strong 
negative waves are set up and in which the cut-off arrange- 
ments at the pump do not reduce the pressure to atmospheric 
in one wave, the residual pressure in the piping between 
injections may be expected to vary with speed, alternately 
rising and falling as the speed is increased over its range. 
With a very small nozzle, on the other hand, the pressure 
waves during release are so small that the reduction of pres- 
sure in the pipe takes place comparatively smoothly, and the 
nozzle valve closes when the closing pressure is reached. 
With very small nozzles—or equally with pipes of large 
cross-section, which also give pressure waves of small inten- 
sity — the residual pressure should be of the same order as the 
valve-closing pressure, and should thus show little variation 
with speed. 

Apart from these considerations, however, the residual 
pressure also will be affected markedly in practice by the 
possibility of leakage from the pipe during the idle period. 
This leakage may take place either past the pump delivery 
valve or through the nozzle valve; it causes a reduction of the 
residual pressure between the end of one injection and the 
beginning of the next delivery from the pump. The extent of 
the leakage naturally depends on the mechanical condition of 
the parts involved, and also upon the viscosity of the oil. 


General Mathematical Treatment 


While the number of variables thus is increased consider- 
ably, it nevertheless was thought desirable to attempt a com- 
plete mathematical treatment, taking into account the impor- 
tant practical conditions neglected in the earlier work. These 
include the volumes at the pump and at the nozzle, the effects 


of the pump delivery valve, and the spring-loaded nozzle 
valve. The essential parts of such a fuel-injection system are 
shown diagrammatically in Fig. 16 and, for the purposes of 
this treatment, the system may be divided into three distinct 
parts: 1. the pump, 2. the pipe, and 3. the nozzle. The 
transmission of pressure and velocity changes through the 
fluid already have been explained. If the pressure p, and 
velocity vz in the pipe at a point distant x from the pump end 
are considered, the pressure can be expressed by 


Ps = Pe * Py + Pr. 
Here px is the initial pressure in the pipe before any dis- 
turbances occurred; py is the sum of all the forward pressure 
waves established since the beginning of the action, and which 
left the pump end at time (t — x/v,); p, is the sum of all the 
waves traveling towards the pump, and which will reach the 
x 





pump at a time (: + = ): The symbol v, denotes, as be- 


fore, the speed of propagation of a disturbance along the pipe, 
that is, the speed of sound in the fluid in the pipe. 

For the velocity, it will be recalled that a forward pressure 
wave p produces an increase in the forward velocity of the 
oil, such that the increase in forward velocity v is equal to 
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fore, for all the forward waves, the total increase in forward 


where K is the bulk modulus of the oil. 





| 
velocity vz is equal to PY a Similarly, a backward pres- 
p 


sure wave is accompanied by a reduction in the forward 
velocity, so that the total reduction in velocity in the forward 


direction = % = pry 9 Then 
pK a 





Sa \ = (py — Pr). 

The values at any instant of the terms py and p, in these 
equations, require a knowledge of what has been happening 
in the system at a previous instant, and the values at that 
previous instant depend upon what has been happening at 
still earlier instants. Thus the pressure at any point in the 
pipe at any given instant depends upon the previous history 
of the process, from the instant when the first pressure wave 
was propagated at the pump end of the pipe. The complete 
process may be followed through in the following manner: 

Beginning at the instant when the first change of velocity 
occurs in the pump end of the pipe, the whole period of the 
injection is divided up into a number of intervals of suitable 
duration; some sub-multiple of the time required for a dis- 
turbance to be propagated along the length of the pipe is 
most convenient for the purpose. The rate of displacement 
of the fuel by the pump plunger is determined separately 
from the dimensions of the pump and from a curve showing 
the variation in the plunger velocity during the period under 
consideration. During each small period of time the pump 
plunger velocity may be assumed constant, variations occur- 
ring between one period and the next. No appreciable error 
need be introduced by this assumption, since the intervals 
may be chosen so that the variation in the velocity of the 
pump plunger is small during any interval. If the plunger 
velocity varies continuously during the whole of the process 
then, the greater the number of intervals chosen, the greater 
the accuracy of the final curve of pipe pressure. 

The mean value of v;, the velocity of the oil at the pump 
end of the pipe during the first interval, gives the value of 


in _ | pK . 
the first pressure wave, P/, = +— - vm, leaving the pump 
g 


end of the pipe at the beginning of the interval, and reaching 
the nozzle end after //v, seconds, / being the length of the 
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Fig. 16- Diagram of system 


pipe in feet. Between the first and the second intervals the 
change in the forward velocity of the oil at the pump is Ys) 


= yok a 
g 
leaves this end of the pipe at the beginning of this interval, 
and so on for each of the intervals. When the first wave of 
pressure reaches the nozzle, having set the oil in motion along 
the length of the pipe, tae nozzle valve may or may not open, 
depending upon the pressure exerted by the valve spring in 
relation to that of the oil. If the valve does open, injection 
into the cylinder begins, the rate of flow from the pipe de- 
pending upon the effective area of the nozzle and the pressure 
difference on the two sides of it. The restriction imposed by 
the nozzle immediately causes a decrease in the velocity of 
the oil at the nozzle end of the pipe, resulting in a building 
up of pressure at the nozzle; this reflected wave of pressure 
then travels towards the pump, as each successive section of 
the oil “becomes aware” of the restriction at the end of the 
pipe. If v, is the reduction in velocity at the nozzle end of 
the pipe after reflection has taken place, then the intensity of 


and a second pressure wave, of intensity P/, 


the reflected pressure wave is Pr = - v,, and this 


reaches the pump end of the pipe //v, sec after reflection, or 
2//vs sec after the original forward wave left the pump. 

If the total pressure and velocity at the pump end just 
before the arrival of the backward wave, are py and vy re- 
spectively then, when the wave reaches the end of the pipe, 
the pressure will be increased to py +- p, and the forward 
velocity will be reduced to vy v,. Since, however, the 
plunger continues to displace oil at the same rate, the forward 
velocity of the oil immediately will be raised again to the 
value vy and, since the change in the forward velocity is again 
equal to v,, a corresponding increase in pressure takes place, 
raising the pressure at the pump end to p; + 2p,, and this 
latter wave travels again towards the nozzle, raising the pres- 
sure along the pipe and increasing the velocity of the oil. 
When this wave reaches the nozzle, the increased pressure 
produces an increased discharge through the nozzle, but 
again the restriction causes this increase to be less than the 
increase in velocity in the pipe; so another reflected pressure 
wave leaves the nozzle, slowing down the flow along the pipe 
until it reaches the pump end; here, as in the previous case, 
the backward pressure wave is reflected completely, and 
builds up the pressure in the pipe still higher. Thus we see 
that a forward pressure wave is only reflected partially at the 
nozzle end of the pipe, but a backward pressure wave is 
reflected completely at the pump end. If the nozzle valve 
does not open on the arrival of the first pressure wave, com- 
plete reflection takes place at the nozzle until the pressure is 
sufficiently high to open the valve. 

The same sequence of events occurs for each forward pres- 
sure wave initiated at the pump end of the pipe, following 
the changes in the rate of delivery from the pump, and the 
forward and backward effects of each wave are superimposed 
upon those already existing in the pipe. Thus, by dividing 
up the total injection period into a number of intervals in this 
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way, a complete picture is obtained of the variations in the 
pressure in the pipe during the complete process of injection. 

Referring again to the injection system shown in Fig. 16, 
parts 1 and 3 may be considered in more detail. Part 1 con- 
sists of the pump and the delivery valve, enclosing the volume 
between the pump plunger and the end of the pipe. The 
actual volume in this part varies during the injection, on 
account of the movement of the pump plunger, but little error 
is introduced by using the average value during the effective 
part of the plunger movement. The length between the pump 
plunger and the end of the pipe is so small that the time 
taken for the transmission of a pressure wave through this 
volume is negligible compared with that for the pipe and, 
therefore, the pressure may be assumed uniform throughout 
this volume at any particular instant. The effect of the com- 
pressibility of the liquid in this part of the system must, 
however, be taken into account, since the volume here is, in 
many cases, actually greater than the volume in the pipe. 
The nozzle end (part 3 of the system) contains a similar 
volume, but usually smaller in magnitude than that at the 
pump end. A further complication is introduced here by the 
provision of a spring-loaded automatic valve to control the 
discharge. 

The condition in the pump volume, and in the pump end 
of the pipe, may be represented by the equation 

Rate of plunger displacement = Rate of delivery 
oil into pipe + Rate of compression of oil i 
pump volume. 

For any small time interval, both terms on the right-hand 
side may be expressed in terms of the values of py and p, at 
the beginning and end of the interval, denoted by suffixes 1 
and 2 respectively. The initial forward pressure Ps, already 
will be known (from the earlier part of the work), since it 
is the final pressure Ps, at the end of the previous interval. 
The values of Pr, and Pr, also will be known from the earlier 


history of the process, having been determined at a period 
l/v, sec earlier, when dealing with the magnitude of the 
reflected pressure at the nozzle. The plunger velocity can be 
taken from a curve showing the variation of plunger velocity 
with time and, over any small interval, the velocity is assumed 
constant and equal to the value at the middle of the interval. 
Thus in the above equation the only unknown is Ps,, and this 


is found for each interval by substituting the known values 
for the other quantities. This gives the value of the forward 
pressure wave leaving the pump and traveling toward the 
nozzle, which it reaches //v, sec later, where its magnitude 
is required in calculating the magnitude of the next value of 
the reflected pressure wave ?Pr,- 


The end of the pump delivery period is brought about by 
the opening of a bypass valve or port in the pump chamber, 
allowing the oil to flow back to the suction side. In some 
pumps a mechanically operated valve is used; in others the 
movement of the pump plunger causes a port to be uncovered 
in the cylinder wall; in either case, however, the point at 
which the release begins, and the release area available at 
any instant, are known from the mechanical design of the 
pump. As soon as the release port begins to open, the pres- 
sure in the pump chamber and in the end of the delivery 
pipe begins to fall. The pump delivery valve does not, how- 
ever, immediately close, but remains open until the forward 
velocity of the oil at this end of the pipe falls to zero. Just 
before release, the forward velocity of the oil is given by 

= 


so that the velocity will not fall to zero 





until the value of the forward pressure wave is equal to the 
backward wave. Until this point is reached, therefore, the 
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Fig. 17 —Variation of nozzle pressure with cam angle 


pump equation applies as before, but with an additional term 
to take into account the escape of oil through the release port. 
For any interval, the rate of flow through the release port is 


2 ‘ ; 
og, where a, is the mean value of the effective release 
p 


area during the interval, and p is the mean value of the pres- 
sure at the pump end. The equation thus modified for the 
rate of displacement of the pump plunger applies to the con- 
ditions at the pump end of the system from the beginning 
of opening of the release port until the value of ?s,) as cal- 
culated from this equation, becomes equal to or less than the 
backward wave Pr,- At this point the forward velocity of the 


oil reaches zero; any further pressure drop in the pump would 
cause a reversal of flow so that the valve closes at this instant. 
For the remainder of the injection process, after the closing 
of the pump delivery valve, the condition at the pump end is 


simply that of a closed pipe. Since the velocity of the oil at 
the closed end is zero, 


v= y¥—2 ag = 
pK (py Pr) 0 


from which py; = p,, that is, each arriving wave is reflected 
completely. 

The simple type of automatic non-return valve was dealt 
with in the foregoing consideration of the conditions after the 
termination of delivery from the pump. In many pumps, 
however, a special type of pump delivery valve is used, the 
object being to bring about a rapid reduction of pressure in 
the pipe as soon as the pump delivery ceases so that the 
injection valve may close more quickly than when the ordi- 
nary type of valve is fitted. The principle employed is usually 
the withdrawal of a small quantity of oil from the pipe as the 
pump delivery valve closes. The increase in volume for the 
contents of the pipe permits a rapid drop in pressure at the 
pump end; this is transmitted to the nozzle end in the usual 
manner, with the result that the nozzle valve closes almost 
immediately. 

The calculation of the pressure in the system is continued, 
as outlined in the preceding section, after the forward velocity 
of the oil has fallen to zero, until the term in the pump 
equation representing the volume discharged into the pipe 
becomes negative and equal to the volume to be displaced by 
the closing of the delivery valve. When the volume with 
drawn from the pipe reaches the required value, the valve is 
closed, and any further drop in pressure in the pump has no 
effect upon the conditions in the pipe. For the remainder of 
the process any arriving waves are reflected completely at the 


closed valve. 


In connection with the conditions at the nozzle end, nozzles 
with spring-loaded valves will be dealt with first, and later 
it will be shown that the same results, with certain simpli- 
fications, may be applied to the conditions for an open nozzle. 
The spring-loaded nozzle valve considered here is of the type 
in which the flow area past the valve seat is large compared 
with that through the nozzle orifice; hence, as soon as the 
valve begins to lift, the discharge is controlled by an orifice 
of constant area. The rate of flow of oil from the pipe into 
the nozzle is accounted for as follows: 

1. The rate of compression of the oil in the nozzle volume, 

dp 


: Z V 
given by the expression :—_ > where V denotes the 


nozzle volume; 
2. The rate of increase of the nozzle volume due to the 
valve movement (positive, valve lifting; negative, valve fall- 


i zx ; 
ing), given by a, = where a, is the area exposed to the 


fluid pressure, and x the valve lift; 


= 
3. The rate of discharge at the nozzle, given by “"¥ a. 


c being the coefficient of discharge, and a, the nozzle area. 

The term involving dx/dt may be examined from a con- 
sideration of the pressure conditions in the nozzle while the 
valve is moving. The force on the valve due to the fluid 
pressure is pa,, and this is equal to the sum of the two terms 
expressing 

(a) the spring force, P + kx; and 

(b) the inertia force due to the mass of the valve, 

W d*x 
a 
Here P is the initial spring force, k is the spring stiffness, and 
W the weight of the valve. This gives the equation 
W dx 
pa, = P+kxr +— - ——: 
g dt? 

A term representing the frictional force between the valve and 
its guide might be introduced in this equation, but is so small 
compared with the other quantities that it usually may be 
neglected. 

Differentiation of this equation with respect to time gives 





dp dx W dx 
wi ‘ai dt g dt ’ 
and this may be substituted in the equation of flow at the 
, ‘ .; W dz : 
nozzle, but the introduction of the term —— .- r 2 gives 
g 


an equation which cannot be solved. Now this term, due to 
the inertia of the valve, is important only at the beginning 
and end of the discharge period. In the type of nozzle under 
consideration the valve movement is limited by a stop and, 
under normal working conditions, the valve remains fully 
open at this upper limit during most of the injection period. 
Little error is introduced, therefore, in omitting the term 
involving the acceleration of the valve, in order to reduce the 
equation of flow to a simpler form. The effect of this omis- 
sion was examined experimentally by testing an injection 
system in which an additional mass was added to the valve. 
The valve was loaded until its mass was increased to 24% 
times its original value, and pressure diagrams were taken 
under identical conditions, with the valve loaded and un 
loaded. These diagrams showed only a very small variation, 
confined to a short period during the opening of the valve. 
It is clear, therefore, that, in the type of injection system under 
consideration, the inertia of the valve may be neglected safely 
in so far as it affects the pressure changes in the system. With 
this modification an equation, in terms of Ps» Pry Pr, and Pry 


is derived for the flow at the nozzle and applied as for the 


cree 
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pump end; in this case, however, the unknown quantity is 
the reflected pressure at the end of the interval ?»,: 

The conditions of flow vary during an injection period, 
and the form of the equation must be modified accordingly. 
At the beginning of the process, the valve is closed and there 
is no discharge; also the velocity of the valve is zero, so that 
the equation is simplified accordingly. This applies also to 
the period after the valve has closed at the end of the injec- 
tion. When the pressure at the nozzle, acting on the reduced 
area of the valve on its seat, has increased sufficiently to over- 
come the spring pressure, the valve begins to rise and the full 
area then is exposed to the nozzle pressure. This excess force 
tends to raise the valve rapidly to its upper limit; at the same 
time, however, the nozzle pressure tends to fall, due to the 
combined effect of discharge through the orifice and the 
increase in the nozzle volume resulting from the valve move- 
ment. During this opening period, and also during the 
closing period, the complete equation applies to the nozzle 
conditions. The nozzle volume V varies during these periods, 
and a mean between the values corresponding to the open 
and closed positions of the valve may be used in the equation. 
When the valve is against the upper stop, the velocity of the 
valve is again zero. 

In applying the pump and nozzle equations to a particular 
problem, the whole system, including pump, pipe, and nozzle, 
is treated step by step. The forward pressure wave leaving 
the pump is determined from the pump equation, and this 
quantity is used to find the reflected pressure from the nozzle 
1/v, sec later, by insertion in the appropriate nozzle equation. 
This reflected pressure is then used in the pump equation 
1/v, sec later to find the intensity of the forward pressure 
wave leaving the pump. This process is carried on continu- 
ously over the whole injection period, and the variation of 
pressure during this period may be found for any point in the 
system. The point of greatest interest in an engine injection 
system is, of course, the nozzle itself, and the foregoing 
method gives a means of determining the pressure-time curve 
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for the nozzle in any given system, and thus to examine the 
effect of the many variables in the system upon the discharge 
characteristic. 

It may be noted here that the calculations for an open 
nozzle may be carried out in precisely the same manner as 
just described. The equation for the pump conditions re- 
mains exactly as before, but the nozzle equation becomes 
much simpler. The spring-loaded valve is eliminated, the 
residual pressure is zero and, in general, the cross-sectional 
area of the pipe is continued right up to the orifice, so that 
the nozzle volume is also zero. 

As an example of the method of calculation just outlined, 
a pressure diagram has been worked out for a typical injec- 
tion system with a spring-loaded nozzle. In order that the 
calculated curve may be compared with a diagram obtained 
experimentally, the details chosen are those of the system, 
described later, Figs. 18 and 19, on which the experimental 
work was carried out, fitted with a pressure-release type of 
delivery valve. Omitting the details of the calculation, it is 
only necessary here to discuss the form of the pressure dia 
gram obtained. The results have been plotted in Fig. 17, and 
show the variation in nozzle pressure during the whole of 
the injection period. It will be seen that the pressure rises 
steeply from 675 to 2600 lb per sq in. during the first stage, 
that is, with the nozzle valve closed. As soon as the valve 
opens, the previous rapid increase in pressure disappears, and 
actually a slight drop in pressure occurs at the nozzle during 
this period, while the valve is rising. The pressure then 
begins to rise again, after the arrival of a strong pressure 
wave from the pump, and the third stage follows, the pressure 
rising steeply while the valve is stationary at its full lift. 
After reaching a value of 4400 |b per sq in., the pressure falls, 
in steps, during the remainder of this period, and also during 
the following stage when the valve is closing. 

For purposes of comparison, a second diagram, drawn with 
a broken line, is included in Fig. 17. This is reproduced 
from a pressure record taken from the nozzle end of the 
experimental injection system, when operating under the con- 

ditions chosen for the calculation. 

A comparison of the two curves 

shows a very good general agree- 

ont 5 ment as regards the form of the 
diagram, and also in the mag- 
nitudes of the pressures in the 








Fig. 19— Bryce fuel nozle 
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more complex than those calculated curves given earlier in the 
paper. The value of such curves as those in Fig. 17 is that 
the relative importance of the variables is understood better. 
Nevertheless, it is certain that, from the practical point of 
view, the best and simplest method of investigation is experi- 
mental, and the remainder of this paper is confined to ex- 
periments and to the conclusions that may be drawn from 
them. 


Experimental Work on Spring-Loaded Systems 


In these more complicated systems, the need for direct pres- 
sure measurement was early apparent, since the stroboscopic 
measurement of discharge gives only integrated values of 
several discharges and ignores the variations from cycle to 
cycle. Since such variations were found to be of great impor 
tance, the whole approach was changed from measurement 
of discharge to pressure measurement. The variations of 
pressure at various points in the system, in particular, de- 
manded observation and, after trial of the different methods 
available, a cathode-ray indicator was developed for the pur 
pose. Various pressure units were tried in this indicator, and 
a carbon pile finally was adopted. The lift of the nozzle valve 
was recorded by extending the valve stem and using a photo- 
electric cell. While this new apparatus is itself of some in- 
terest, in the light of the recent progress in the technique of 
observing and recording rapidly varying pressures, it will not 
be described here, since the present paper deals more especially 
with those test results of importance to engine designers. 

The pump used in the work is shown in section in Fig. 
18, together with the plunger end and its ports, and the 
cylinder sleeve. The plunger reciprocates within the cylinder 
sleeve under the action of the cam; this sleeve is fixed axially, 
but can be rotated by a rack on the pump control rod, the 
angular position of the triangular port in the sleeve determin 
ing the cut-off of delivery. The upper end of the plunger is 
drilled as shown, with two horizontal ports in common com- 
munication with the compression space by means of the ver 
tical hole. The delivery valve shown is simple spring-loaded. 

The upper sketches illustrate the pump action. In position 
1, fuel flows into the compression space through the tri- 
angular ports. As the plunger moves up, the fuel flows back 
into the pump suction space, until the top of the plunger 
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Fig. 20-Comparison of calculated and observed injection 
characteristics 


passes the upper edge of the notch, position 2. Fuel is then 
displaced into the line, as in position 3, until the first horizon- 
tal hole passes over the lower edge of the triangular notch, 
when the trapped oil will be released, through the vertical 
and first horizontal holes, back to the suction side, position 4. 
The first hole then reaches the top of the notch, and the 
second hole, leading into an annular groove in the plunger, 
continues the release, since the annular groove is now oppo 
site the bottom of the notch. By rotating the sleeve, the time 
of fuel delivery can be modified. When the holes are op 
posite the wide end of the notch, release takes place simul 
taneously with the beginning of delivery; when they are 
opposite the narrow end, delivery ceases only when the an 
nular space is opposite the bottom of the notch. 

The Bryce fuel nozzle is shown in Fig. 19. It is spring 
loaded and has a single hole. A is the body. The fuel first 
arrives through B and then passes through C, which is of 
larger cross-section than the pipe, into the space F on the top 
of the nozzle end D. ‘Three smaller passages, G, lead from 
F to the under side of the needle valve K. The axial move 
ment of K is controlled by means of the central spring and 
column, with a maximum lift of 0.0412 in. For the tests, 
the screw L, used for adjusting the opening pressure of the 
nozzle, was provided with a micrometer head M, working 
over the scale N. 

Before going on to discuss the influence upon the injection 
exerted by the different variables of a system, it is desirable 
to describe a test made to confirm the accuracy of the pres 
sure and lift records obtained from the apparatus. Fig. 20 
accordingly shows curves which form the basis of a com 
parison of the new records with those taken by the strobo 
scope; the upper one gives the pressure at the nozzle during 
an injection; the lower firm line shows the rate of injection 
as measured by the stroboscope, injection beginning at 5 deg 
and ending at 54 deg; the lower broken line shows the rate 
of injection calculated from the pressure curve, using through 
out the “steady flow” value of 0.7 for the coefficient of dis 
charge, c, of the nozzle, obtained experimentally when the 
simple formula of discharge,Q =a, -¢ + \/2g +h, was 
used. In this, O is the volume per unit time; @,, the area of 
the nozzle, and fA the pressure head across the nozzle. 

Three important conclusions can be drawn from these 
curves. Firstly, the close agreement between the iwo lower 
curves suggests that confidence may be placed in the values 
of the rapidly varying pressures measured with the apparatus. 
Secondly, that, except at the beginning and end of injection, 
where throttling at low valve lift occurs, the “steady flow” 
coefficient of discharge may be accepted, although other work 
ers have suggested the contrary. Thirdly, that, in spite of 
the violent fluctuations of nozzle pressure often experienced 
during injection, the rate of injection, since this depends on 
the square root of the pressure, remains relatively steady. 

The effect of speed was next investigated, and Fig. 21 
shows three sets of curves of nozzle pressure and nozzle 
valve lift for three speeds — 400, 800, and 1000 rpm — with a 
nozzle opening pressure of 2600 lb per sq in. Pump delivery 
or thrust begins in all cases at the angle 8 deg. At 400 rpm, 
after a pipe lag of 2 deg, the pressure rises sharply from 10 
deg, but later its rate of rise decreases. After several reflec 
tions, opening occurs at 20 deg, giving a total lag of 12 deg. 
After opening, the nozzle pressures remain at a low average 
value — since the intensities of the forward waves are low at 
this low speed. The nozzle valve closes early after a period 
during which the needle is “floating” just above the seat. At 
800 rpm, the initial and general rates of pressure rise are 
greater, and opening occurs at 17 deg, in spite of the pipe 


lag angle of 4 deg, with the higher speed. The general 
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pressure range after nozzle opening is higher, and the nozzle 
valve remains fully open; but, with the falling pressure, the 
nozzle valve closes, without hesitation, at 64 deg. At 1000 
rpm, the total lag is greater than at 800 rpm, owing to the 
initially slower rate of pressure rise caused by the volume in 
the pump, and to the greater pipe lag angle, but the pressure 
after nozzle opening at 19 deg is higher and the valve re 
mains fully open longer and closes, with fall of pressure, at 
71 deg. 

It will be noticed that, at all three speeds, the nozzle clos 
ing pressures are 1700 |b per sq in., corresponding to the 
increased area under the nozzle valve. Once the nozzle valve 
is closed, however, the fall of pressure is very gradual, the 
values at 100 deg being from 1400 to 1600 |b per sq in. There 
were in this system certain incidental circumstances which 
led to excessive leakage from the piping, an effect which 
shows itself between injections. The fall of residual pressure 
is thus more marked at the lowest speed when the time avail 
able is greatest. 

A question of great practical importance is the influence 
upon the injection characteristic of varying the rate of delivery 
of the pump at constant speed, that is, of varying the “throttle 
opening.” Fig. 22 shows a series of curves of pressure at the 
nozzle, and of nozzle-valve lift, for four different positions of 
the throttle, taken with “pressure release” at pump delivery 
at 600 rpm, and with a nozzle opening pressure of 2600 |b 
per sq in. 

The full lines, curve 4, show full-throttle conditions, under 
which the initial or residual pressure is seen to be about 
600 lb per sq in. Following the curve through, it will be 
seen that the pressure at the nozzle rises rapidly to 2750 |b 
per sq in., the nozzle valve opening at 2650 lb per sq in. 
There is initially very little discharge, but this increases with 
the valve lift and, assisted by the withdrawal of the nozzle 
valve volume, there is a fall of pressure to 2000 lb per sq in. 
[Injection continues until, at the end of pump delivery and 
the fall of the “pressure release” delivery valve, a depression 
wave reaches the nozzle at point a, at 49 deg, after which the 
oil enclosed in the pipe is subjected, as explained earlier, to 
the wave motions shown; these are eventually damped out, 
leaving the residual pressure at 600 |b per sq in. 

The broken line shows the curve B with slightly reduced 
throttle opening, the curves following curve A until, at 30.5 
deg, the depression wave following the now earlier end of 
pump delivery reaches the nozzle, as shown at point 6. The 
pressure falls, but there is a slight rise at 36 deg, following 
the return to the nozzle of the wave reflected from it just 
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betore the arrival of the depression wave. The injection 
therefore continues somewhat longer than expected, up to 
44 deg, after which the residual pressure settles down at abous 
the same value as in the former case, 600 Ib per sq in. 

Leaving the curves C, and C. for the moment, and con 
sidering first the curve D, it is seen that this shows a case 
where the throttle is only slightly open. Under these con 
ditions the depression wave following the end of pump deliv 
ery arrives at the nozzle at point g before the nozzle valve 
can open. The nozzle valve does not lift, and there is no 
injection. When the wave motions have subsided, it is seen 
that the residual pressure is much lower than in the other 
cases, being about 200 lb per sq in. In this case the pump 
merely forces oil into the pipe, and this oil afterwards is 
withdrawn by the pressure release valve. 

The two curves C,; and Cs both were taken at the same 
throttle opening and show two injections which alternate one 
with the other, giving an interesting condition of instability. 
Following curve Cj, it is seen that the initial pressure is about 
420 lb per sq in., and that the pressure rises to 2650 lb per 
sq in. On the nozzle-valve opening, there is a fall in pressure, 
and the pressure follows the course shown until point d, at 
27 deg, where the depression wave at pump cut-off reaches 
the nozzle, after which, following a slight increase, the pres 
sure falls off to the closing value at point f, at 32 deg. After 
injection, however, the residual pressure settles down at the 
new value, 460 lb per sq in., which is, of course, the initial 
pressure for the following injection. 

In this injection, curve C. is followed, this curve, on ac 
count of its higher initial pressure, lying above curve C, and 
giving a slightly earlier opening; when the depression wave 
at pump cut-off arrives at point c, again at 27 deg, the pres 
sure first rises slightly and then falls. As it approaches nozzle 
closing pressure, the valve is closing, and the resulting throt- 
tling of the injection helps to keep the pressure up. The 
reflection sent from the nozzle just before c, having rebounded 
from the closed delivery valve at the pump, now returns, 
causing a slight rise of pressure, to 2000 |b per sq in. The 
same wave occurred in curve C;, but was not sufficient in 
that case to keep the nozzle valve from seating, so that a 
decrease took place in the rate of fall of pressure, giving, as 
a result, a greater residual pressure. In curve Cy, on the other 
hand, injection continues for a further 5 deg, the fall to zero 
being very rapid and the residual pressure being correspond 
ingly less; the next injection, therefore, follows curve C;. 

The injection is, therefore, a fluctuating one and obviously 
undesirable. Such a condition may occur at various rates of 
pump delivery where they cause roughness in the running. 






i 


NOZZLE PRESSURE - LB:/S@IN: 
$ 
oe 


. 
CAM ANGLE 


Fig. 22 — Effect of variations in the rate of pump delivery 








134 


S.A.E. JOURNAL 





Vol. 46, No. 3 


(Transactions) 


In one position of the control when the delivery rate is small, 
the difference between the successive curves may cause nozzle- 
valve opening in one cycle but not in the next, and leads to 
the “eight-stroking” sometimes met with on four-stroke en- 
gines when idling. Incidentally, in the case of curve D, 
Fig. 22, it is probable that, if a pump delivery valve without 
pressure release had been used, “eight-stroking” would have 
occurred, 

In simple systems with open nozzles, injection lag is purely 
a question of pipe length since, once a pressure wave of any 
magnitude whatever arrives at the nozzle, an injection must 
take place. With a spring-loaded nozzle valve, of course, 
injection cannot begin until the pressure at the nozzle is 
sufficient to overcome the “nozzle opening pressure” at which 
the valve spring is set. Any waves passing along the pipe, 
therefore, are naturally subject to what conveniently may be 
called “pipe lag” but, before the nozzle valve can open, it 
may be necessary to have a succession of waves or a series of 
reflections before the pressure at the nozzle can reach the 
required value. The opening thus depends on the three fac- 
tors: 1. the pipe length; 2. the volumes, in the pump, in the 
pipe, and at the nozzle, since these affect the forms of the 
waves; 3. the residual pressure in the pipe when pump deliv- 
ery begins, since this determines the additional pressure to be 
supplied at the nozzle. The overall effect of these factors can 
conveniently be termed the “total injection lag,” and is the 
interval between the beginning of delivery or thrust at the 
pump plunger and the actual beginning of injection. 

In comparing the curves 4, B, C; and Cz of Fig. 22, it is 
seen that the total injection lag varies and, since all other 
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Fig. 23 — Relationship between injection lag and nozzle 
pressure 


conditions at the beginning of injection remain constant, this 
variation can be traced only to the corresponding differences 
in the values of residual pressure — a lower residual pressure 
necessitating a longer time for raising the pressure at the 
nozzle to nozzle opening pressure. Fig. 23 shows the results 
obtained from a more extended series of tests with a speed 
range of from 300 to 1000 rpm, and a range of nozzle open- 
ing pressure from 1250 to 3750 lb per sq in. 

In this figure the total injection lag has been divided into 
two parts, the pipe lag and the nozzle lag, and these are 
shown plotted for various nozzle opening pressures on a base 
of speed. The total injection angles are plotted to a different 
scale on the same base. The corresponding values of the 
residual pressure are plotted separately so that, by comparing 
successive pairs of figures, a direct indication is given of the 
influence exerted by residual pressure upon the nozzle lag. It 
is demonstrated that the values of nozzle lag are in inverse 
proportion to the residual pressure. 

The total injection angles are seen to decrease with increas- 
ing nozzle opening pressure, and to increase with speed, in 
accordance with the curves of Fig. 21. It will be noticed that 
the injection at the lower speeds with all nozzle opening 
pressures is intermittent: the values of the total injection 
angles given in these cases cover the cam angle from first lift 
to last fall of the needle valve. 

A most important phenomenon to be mentioned in connec- 
tion with Fig. 23 appears at low speeds in the curves at the 
higher nozzle opening pressures, on which the curves of 
residual pressure and nozzle lag are seen to follow two dis 
tinct paths. This reveals the state of instability referred to in 
connection with Fig. 22, a state met with more often than 
generally is realized. One injection begins at a high residual 
pressure, with a small nozzle lag, and ends, say, near the top 
of a pressure fall. This causes a lower residual pressure for 
the next injection, giving increased delay, and the subsequent 
pressure course is quite different. The closing pressure may 
be reached near the end of a pressure fall, bringing the 
residual pressure back to its first high value. These two 
distinct injections alternate with one another, giving changing 
lags, and consequently uneven running in the engine. Such 
a synchronizing may occur at higher speeds, but is more likely 
at lower speeds, since the angular periodicity of the pipe-line 
reflections will then be smaller. 

The ability to alter at will the nozzle opening pressure of 
an injection system fitted to an engine is, in practice, a special 
advantage of systems with spring-loaded nozzle valves. The 
effects of changes in this pressure therefore merit further 
study. Fig. 24 shows the records from tests at four different 
speeds, with three values of nozzle opening pressure at each 
speed. The pump delivery valve gave “pressure release,” and 
the bore and length of the pipe were normal. It is seen that 
the residual pressure at all four speeds increases with increas- 
ing nozzle opening pressure, but that, except at the lowest 
speed, 400 rpm, the differences are small; the order of the 
residual pressure remains at all speeds at about 600 Ib 
per sq in. 

An important practical effect of increasing the nozzle 
loading is the reduction both of injection angle and, in the 
curves shown, of the nozzle-valve lift. At 1ooo rpm, for 
example, the injection angle is nearly halved, and the mean 
valve lift also is halved by increase of the opening pressure. 
This demonstrates the facility, afforded by the loading screw, 
of controlling both the period and the rate of injection. The 
latter is, of course, the resultant of nozzle area and the actual 
pressure at the nozzle and, since the actual nozzle pressures 
increase with increase in the opening pressure, an increase in 
the rates, and thus the injection velocities, counteracts the 
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Fig. 24- Effect of nozzle loading, full throttle 


quantitative effect of the shorter injection angle. And, from 
the point of view of the penetration and atomization of the 
fuel, control over the velocity of injection is, of course, all 
important. 

Before leaving these curves, there is one more matter to 
which attention should be drawn, namely, that the movement 
of the nozzle valve follows closely the pressure changes at the 
nozzle, a fact which demonstrates that any natural oscillation 
of the nozzle-valve spring system is damped out rapidly. This 
opposes the suggestion often made when, under certain con 
ditions of speed and nozzle loading, repeated rises and falls 
of the nozzle valve have been recorded, that this is due to the 
elastic rebound of the nozzle-valve from the seating, the action 
being called “valve bounce.” 

An extreme case of apparent “valve bounce” is shown in 
Fig. 25 which, with the injection system as in the cases of the 
last figure, gives the records obtained with a nozzle opening 
pressure of 2600 lb per sq in., at the low speed of 270 rpm. 
The upward and downward movements of the nozzle valve 
during the three intermittent injections are seen definitely to 
be in accordance with the variations of pressure at the nozzle. 
Further, when there is no pressure to cause it, rebound has 
never been recorded on the diagrams of nozzle-valve lift. 


Conclusions 

These and other tests have led the authors to the following 
conclusions concerning injection systems of the common type 
consisting of pump, delivery valve, pipe, and spring-loaded 
nozzle valve: 

1. The order of the residual pressure prevailing in the pipe 
between injections relatively to the nozzle-valve opening pres 
sure is of vital importance. 

2. Opening and closing pressures are generally in propor 
tion to the effective area of the open nozzle valve and to the 
area exposed to the oil pressure when the valve is closed. 

3. The action of the volumes of oil (a) in the pump and 
(b) at the nozzle, in addition to that in the pipe, is to modify 
considerably the pressure diagram calculated from simple 
reflections in the piping. The former slows up the pump 
delivery characteristics, while the latter slows up the rise or 


8. Increased nozzle opening pressures lead 
to increased nozzle lag, higher pressures 
throughout injection, smaller needle lifts, 

greater liability to needle chatter and cyclic variation at low 
speeds, smoother pressure curves at higher speeds, earlier 
closing of nozzle valve, and generally give better atomization 
and penetration. 

g. Limiting the lift of the nozzle valve to a value just above 
that causing “throttling” leads to higher pressures during the 
main part of the injection, and may give better atomization 
and penetration. 

10. No “nozzle-valve bounce” has been observed, such ap 
parent movement being observed only in association with 
suitable pressure variations to cause it. 

11. The weight of the nozzle valve is of negligible impor 
tance. Friction of the nozzle parts has normally little influ- 
ence on the process. 

12. Increased pipe diameter causes flatter pressure waves, 
and these, at low speeds, cause greater nozzle lag. At higher 
speeds this increased nozzle lag is offset by higher residual 
pressures in large pipes. Too small a diameter, by increasing 
frictional resistances, causes excessive ioss of pressure at the 
nozzle. Intermittent action is more likely from the steepness 
of the initial waves and the smaller nozzle pressure after flow 
begins. 

13. Large nozzle diameters give low residual pressures and 
thus greater nozzle lag. Too small a nozzle prolongs injec- 
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tion considerably, especially with high speeds and high nozzle 
opening pressures. 

14. Very long pipes cause lower values of pressure after 
nozzle opening, since the reflected waves, which assist in 
building up the pressures, arrive late. Pipe lag increases with 
increasing speed. Generally, it may be said that pipes should 
be as short as possible. 

15. The use of a pressure release valve leads to steadier 
injection, reduced pressure fluctuations, and sharper cut-off at 
end of injection. It may lead to an increased injection lag. 

Concerning the relationship of this knowledge to the work 
of the engine designer, the authors submit that a new position 
has arisen. Circumstances have tended in the direction of 
separation between the work of the engine designer and that 
of the specialist in fuel-injection equipment. While friendly 
cooperation certainly has existed, the tendency has been for 
the engine designer to leave the question of the processes in 
the injection system too much to the specialist, and decisions 
concerning the injection equipment, while based upon sound 
advice from the specialist, have been largely matters of trial 
and error by the designer. With modern means of measure 
ment, the supplier of fuel-injection equipment is now in a 
position to obtain complete knowledge of the injection char 
acteristics of the equipment he supplies. The engine designer 
should demand full information concerning these character- 
istics, so that, when making changes during the development 
of a particular design, he will be in a position to correlate the 
injection characteristics with the resulting engine perform- 
ance. This, when the engine designer has accumulated 
enough experience, would be a direct improvement on the 


blind trial-and-error method employed in many places at 
present. 


Relation of Diesel Fuel Properties 
to their Engine Performance 
(Concluded from page 105) 
to determine the relative effectiveness of nozzle design im 
provements as compared to improvements in ignition quality 
of the fuel. The use of a 25-deg pintle nozzle instead of a 
30-deg pintle nozzle reduced the ignition delay, gave a more 
abrupt pressure rise, and resulted in an increase of 25 lb per 


,Sq in. in maximum pressure. These changes appeared to have 


no appreciable influence upon the engine performance but did 

effect a marked improvement in the combustion process. A 

similar improvement in ignition delay could be made by fuel 

quality changes, with a possible attendant increase in cost. 
Conclusions 

The importance of very high cetane number appears to 
have been overestimated. It is true that the cetane-number 
requirement as defined by misfiring and engine roughness 
must be satisfied. However, the gain from fuels of higher 
cetane number is too small to justify the extra cost. 

The roughness of combustion as measured by knock inten 
sity with the oscillograph is improved by use of fuels having 
a cetane number approximately 10 units higher than the 
minimum needed to prevent misfiring. 

The combustion knock in a diesel engine finds its origin 
with the lighter unsupported metal structures. The valve-case 
coverplates, side coverplates, and crankcase pan appear to be 
noisiest. 

The combustion cycle in an engine built for variable speed 
ranges from partially controlled combustion at rated load to 


totally uncontrolled combustion under conditions approaching 
idling. 


If the design of the diesel engine is such that the combus 
tion process is uncontrolled, no reasonable fuel improvement 
will produce smooth combustion. 

It is possible to burn fuels ranging over wide limits in 
respect to amount of cracked and straight run stocks, vis 
cosity, volatility, gravity and crude source, without deflecting 
the combustion curve from its normal path. Similar changes 
in fuel affect the maximum power and fuel consumption no 
more than 5%, except in special cases. 

Variations in the combustion process with normal changes 
in speed and load are many times greater than effects of fuel. 
quality improvement. 

The engines will digest so-called low-quality fuels with 
least difficulty under the conditions which result in high 
combustion-chamber temperatures. Conditions tavoring high 
combustion temperatures are heavy loads, moderately high 
speed, and heavy loads, high jacket-water temperature and 
high air temperatures. 

Any factor tending to reduce the combustion-chamber tem 
perature will make the engine more critical of the fuel. 

The ignition delay occurring at high speed with very light 
loads is excessive. Such an operating condition combined 
with deceleration at low throttle settings 1s prone to cause 
incomplete combustion and should be kept at a minimum for 
clean exhaust conditions. 

Diesel engines constructed with the highest compression 
pressures operate with the most satisfactory combustion con 
trol, other conditions being the same. 

Adjustment of injection advance as a means for correcting 
poor ignition quality is too dangerous an expedient for the 
engine operator to employ. 


Summary 


The combustion process in modern high-speed diesel en 
gines is governed largely by the inherent design of the engine. 
Once the engine has been built and delivered to the customer, 
there is little that the fuel supplier can do to improve the 
performance of the engine. Slight improvements in engine 
roughness are, of course, possible with high-quality fuels, but 
the gain is small compared to that which might be obtained 
by minor design changes. 

Variations in speed and load conditions encountered in the 
normal operation of engines are sufficient to produce large 
increases in ignition delay and extensive variation in combus 
tion pressure. The extent of such variations may be con 
trolled partially by use of higher than average quality fuels. 
The control so obtained is not sufficient, however, to warrant 
the increased cost of fuels of special properties needed. The 
test data obtained indicate that the engine should be so oper 
ated as to maintain a reasonably high combustion-chamber 
temperature. Operation at light loads should be carried out 
with cooling liquid temperatures of 160 F or higher. High 
speeds with very light loads should be avoided because of the 
tendency for smoking and misfiring. 

The diesel-engine cycle is well suited fundamentally to 
high power output. Every move toward higher combustion 
chamber temperatures seems to improve the combustion 
process, and renders the engine less critical of fuel quality. 
It this trend continues without great changes in the injection 
process, it can be predicted safely that very high quality fuels 
as determined by cetane number and physical characteristics 
should take a less important place in future diesel fuel sales. 
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Heating, Ventilating, and Cooling 


of Passenger 


Cars 


By Herbert Chase 


Consultant 


ANY question whether a complete job of air- 
conditioning passenger cars for all weather 
conditions can be done at a price which most car 
buyers care to pay and with assurance that de- 
pendable and acceptable results can be guaran- 
teed, Mr. Chase reports in prefacing this paper, a 
comparative study of existing heating, ventilating. 
and cooling systems. Some 1939 and many more 
1940 car models, he believes, yield greatly im- 
proved results in heating the entire car and ven- 
tilating it well with all windows closed, but, he 
points out, the design of such systems is still in a 
state of flux. 


Mr. Chase divides all currently available sys- 
tems into four classifications for convenient dis- 
cussion: (1) heating by recirculation only, venti- 


T is far from being an easy matter to provide a passenger 
car with a simple yet wholly adequate system for keeping 
it warm in winter, comfortably cool in summer, and well 

ventilated without unpleasant drafts at all times. Numerous 
efforts in this direction are being made and marked improve- 
ments in the results secured have been attained, but I think 
that even those who have gone farthest toward a solution of 
the problems involved will agree that much remains to be 
done before the optimum results possible at moderate cost are 
secured. 

Some 1939 and many more 1940 passenger cars were and 
are being turned out with systems devised to yield greatly 
improved results in respect to heating the entire car and ven- 
tilating it well with all windows closed for driving in cold 
weather. Much is left to be desired for driving in hot weather, 
and especially in excessively hot weather. As this paper is 
being written, one maker of passenger cars is just making the 
first offer (at extra cost) of equipment which includes artificial 
refrigeration for use in hot weather. Many car manufacturers 
are doing experimental work with similar systems or with 
those intended to provide the same results. It is well recog 
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lation incidental; (2) heating in which part of 
the air is recirculated and part taken from outside 
and can be heated before delivery; (3) heating in 
which all air passing through heater is taken from 
outside; (4) systems which include means for 
heating, cooling by refrigeration, and at least in- 
cidental circulation. 


The author describes and compares current sys- 
tems in each of the classifications and comments 
on the problems, advantages and disadvantages in- 
volved in each of the designs. He includes also 
structural considerations, mentioning that, except 
for compressors, valves, and a few other somewhat 
special parts, most of the components of all these 
systems are produced largely from sheet metal or 
are die-cast in zine alloy. 


nized, however, that a complete job of air conditioning for all 
weather conditions involves a host of problems. There are 
even those who question whether the job can be done at a 
price which any large proportion of car purchasers care to 
pay and with assurance that they can be guaranteed depend 
able and otherwise acceptable results. 

Our purpose here, however, is primarily to make a com 
parative study of existing systems and to provide comment 
such as to serve as a basis for discussion. 

A convenient classification of systems available may be 
made as follows: 

1. Heating by recirculation only, ventilation incidental; 

2. Heating in which part of the air is recirculated and part 
taken from outside and can be heated before delivery; 

3. Heating in which all air passing through heater is taken 
from outside; 

4. Systems which include means for heating, cooling by 
retrigeration, and at least incidental ventilation. 

This classification is not all-inclusive but suffices for present 
needs. Naturally, all cars are equipped with cowl ventilators 
and many with “wings” or “ventipanes” which can be set to 
introduce outside air independent of the fans and/or blowers 
employed in or as an accessory to the heating system. Also, 
fans and blowers often are used to circulate air which assists 
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in ventilation when heat is not required and is excluded from 
cores or heater elements. 

In the first classification are all the common forms of heaters 
through which air, drawn from the body of the car, is recir- 
culated. If the cowl ventilator or windows are open, con- 
siderable fresh air may be introduced but, unless this fresh air 
be piped to the heater (which then puts the system in the 
second or third classification), cold as well as warm areas are 
likely to exist. In fact, the use of a single heater, especially 
one located under the cowl does not give a completely satis- 
factory degree of uniformity in temperature through the car 
as a whole, especially in cars having front and rear compart- 
ments. But some contend that uniformity is not desirable and 
aim to have a higher temperature at foot-to-knee level, with 
a ‘lower one at breathing level. 

Heaters in the first class are provided with a great variety 
of devices, most of them adjustable, for delivering streams of 
warm air (or cooler air when the heat is off) in almost any 
desired direction. Some under-cowl heaters direct the main 
stream of air forward against the dash with the assumption 
that this arrangement yields a desirable degree of heat diffu- 
sion. A large proportion of models, however, are arranged to 
deliver most of the air rearward against feet and legs and 
they employ adjustable deflectors or louvers to give it desired 
direction. Some of it may find its way under, over, or around 
the front seats to heat the rear compartment, but this is a 
slow and uncertain process and likely to be unsatisfactory for 
rear-seat occupants unless they are warmly clothed or use 
robes. Some persons who ride in front seats, however, profess 
to like plenty of warm air directed against feet and legs, and 
some are said to object to its absence or to be dissatisfied with 
the better general diffusion of heat without localization at- 
tained with an under-seat heater. 

Many under-cowl heaters are provided, of course, with 
blowers in addition to the fan which handles the larger 
volume of air, the blowers being employed to force air through 
so-called “defroster” pipes and outlets and against the wind- 
shield. In some designs, when the blower discharge is not 
directed to the windshield, a damper can be set to direct it 
toward the driver’s feet. Although defrosters do, in some 
cases, especially when the car is standing or moving at low 
speed, supply enough heat to prevent external frosting of the 
windshield or sleet accumulation thereon when either would 


occur otherwise, they presumably do not, and perhaps cannot 
be expected to do so under all conditions. Under certain con 
ditions of temperature and precipitation, ice will form on the 
windshield despite the defroster, especially at moderate to 
high driving speeds. Usually, the defroster may, perhaps, be 
more properly termed a defogging device or one which will, 
in general, prevent condensation of moisture and its freezing 
on the inside of the windshield. Conditions may even occur 
in which, with a car running closed with several passengers 
exhaling moisture and with only incidental leakage from 
without (nearly all air being recirculated), a defroster will 
not be adequate to prevent fogging. In general, this condition 
can be avoided by arrangements for a positive supply of fresh 
heated air, as with systems in the second and third class. 

Studebaker’s adoption of the under-seat heater and its 
optional use on several other makes for 1940 are indications 
that it effects a more satisfactory distribution of heat, front 
and rear, than is attained otherwise unless separate heaters 
for front and rear (or the new Chrysler arrangement, to be 
referred to later) be used. It may be noted, however, that, 
when under-seat heaters are employed, a separate defrosting 
unit with its own heating element and motor-driven blower is 
necessary for at least a fairly large range of conditions; hence 
it may be argued that there is little if any economy in an 
under-seat arrangement over one using an under-cowl heater 
with its integral defroster and a supplementary heater for the 
rear compartment in cars having two compartments. 

It is reported that, with some under-seat heaters, persons 
accustomed to the under-cowl arrangement complain of a 
lack of foot and shin warming by a hot blast, as often at 
tained with the under-cowl type. This complaint is offset or 
overcome, it is said, by directing attention to the better and 
presumably more comfortable general heating resulting from 
use of an under-seat heater in cars with front and rear com 
partments. It is the writer’s view that the under-seat arrange 
ment has a balance of advantages over the conventional 
arrangement in under-cowl location (both systems having 
defrosting equipment) for cars with front and rear compart- 
ments, but it is not difficult to make out a case for either type. 
There is, however, more need for ventilation under the cowl 
than in rear compartments, as a general rule, in summer, and, 
if the under-cowl heater is arranged to improve materially 
such ventilation, it possesses an advantage on this score. 





Fig. | - 1940 “Helio-Therm" gasoline heater. Air from the interior of the car is drawn by the fan in the distributor unit (right) 

inside the car through and around the combustion coil and thence through the dash into the distributor unit. Exhaust from the 

heater is drawn into the inlet manifold of the engine. Heat is said to be supplied within |'/2 min after the heater is put into oper- 
ation. The heating unit shown at the left is located under the hood 
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All heaters supplied by car manufacturers employ, as far 
as the author is aware, a core through which water is circu- 
lated as the heating unit, and a majority of heaters supplied 
through jobbing channels include a similar heating unit. 
There are, however, at least two makes of gasoline heaters 
available, one of which is illustrated in Fig. 1, their chiet 
advantage being that they can supply heat more quickly when 
the engine is cold than do those warmed by water trom the 
engine jacket. Also, as the temperature resulting from the 
combustion is higher than that attained by jacket water, a 
smaller coil or core can be employed for a given quantity of 
heat. The gasoline heater, however, requires a carburetor or 
its equivalent and an ignition device, as well as piping for 
exhaust gases in place of water piping. Nevertheless, it sells 
at a price competitive with many conventional water heaters. 
Extra fuel is required, but the amount is small. In one make, 
1 gal is sufficient for 24 hr of continuous service, according 
to the maker. Whether the rapid heating offsets the disad 
vantages cited, is largely a matter of opinion. 
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CAR MEATER SWITCH WORE CLIPPED: 
TO FRAME CENTER CROSS MEWRERS 





Fig. 2—Harrison under-seat heater and defroster units on 
1940 Buick. The car heater draws air from the body and dis- 
charges it circumferentially across finned coils through which 
water is circulated. The defroster unit contains a water-heated 
coil, connected in series with that in the car heater, and a 
blower which draws fresh air from outside. After heating, this 
air passes over the windshield and mingles with other air in 
the car 


Heaters in the first classification, designed for recirculation 
only, have served their purpose reasonably well over a long 
period of years, which tends to indicate that they are tolerably 
satisfactory for an average set of conditions. It does not fol 
low, of course, that they do not leave room for improvement, 
and it is certain that they leave much to be desired for certain 
sets of conditions. In winter driving, for example, there 
should be provision for positive introduction of fresh air at 
a temperature and in a manner which will not interfere with 
comfort and which will contribute to comfort, as well as to 
safety —first, by preventing fogging; second, by preventing 
the drowsiness which results from a lack of fresh air or pres 
ence of carbon monoxide; and third, by keeping interiors 
free from smoke and foul air or at least mitigating the effects 
of these by an adequate supply of fresh air. 
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Fig. 3-— The Hudson "Weather-Master" heater has the control 

switch mounted on the heater itself. A thermostatic switch on 

the steering column functions in combination with a solenoid 

which operates a spring-loaded damper in an air duct above 
the heater core 


Although the heater equipped for recirculation only does 
not draw in fresh air, it does not follow that the supply of 
oxygen necessarily becomes inadequate when windows and 
cowl ventilator are kept closed, as they are likely to be in cold 
weather. All bodies have some leaks around doors and win- 
dows and, since the motion of the car (with windows and 
cowl ventilator closed) usually creates a slight negative pres- 
sure within the car, there is always some leakage of fresh air 
into the car while it is moving. This leakage often gives rise 
to uncomfortable drafts and to cold areas, but it does supply 
considerable oxygen. Cars which can run with the cowl 
ventilator open and still supply heat enough to warm the 
incoming air, or which have a fan which supplies fresh air 
under a slight pressure and also warms it, have the advantage 
that the positive pressure presumably causes all leakage to be 
outward and that, since the incoming air enters through a 
heater, it can be warmed. Air which enters through cracks, 
partly opened windows, or a cowl ventilator not connected to 
a heater creates uncomfortable cold areas and drafts, even 
though the heater may have plenty of heat capacity to warm 
this intake air were it first directed through the heater. 

In summer, with water circulation through the core shut 
off, the recirculating heater does not do an adequate job of 
ventilation and not infrequently leaves the front compartment 
unduly warm even with cowl ventilator wide open and win- 
dows also open. If one must drive in a rain storm which 
necessitates closing both cowl ventilator and windows, fog- 
ging is likely to result and discomfort become intense. In a 
dust storm, conditions are likely to be even worse. Such 
inadequacies have led to development of heating and venti- 
lating equipment in the other three classes previously defined. 

In systems of the second class, steps toward overcoming the 
deficiencies mentioned in the foregoing paragraph are taken 
by supplying some means for taking in fresh air in limited 
quantities and, when desired, heating this air as it passes 
through the unit (or through one of two units provided) and 
ultimately mixing the fresh air with other air heated by 
recirculation. The usual arrangement includes a duct con- 
nected to a cowl ventilator or to some other opening through 
which the fresh air is drawn by a fan or blower and/or forced 
in by some pressure difference set up by the motion of the 
car. The duct delivers the air through a core which, in cold 
weather, is heated, before the air is circulated through the car. 

Several systems of this type were made available for use on 
1939 models, and more are offered on 1940 models. Some of 
the latter systems are said to deliver about 60 cfm of fresh air 
with cowl ventilator closed or so set as to discharge air 
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Fig. 4-— Studebaker under-seat heater. Fresh air enters through 

openings above the running board, passes through a remov- 

able fiber filter, then through the heating core and issues into 

the front and rear compartments of the car. A separate de- 
frosting heater is used 


through the core. An under-seat heater is shown in Fig. 
and an under-cowl type in Fig. 3. 

In several 1940 models equipped with under-seat heaters, 
the latter are used for recirculation only, the fresh air being 
supplied only by the defroster under the cowl. This unit has, 
of course, its own motor and blower and a core of sufficient 
capacity to heat the fresh air in winter, the core being con 
nected in series with that in the under-seat heater. Air outlets 
of the defroster unit are, of course, just below the windshield, 
the heated air being delivered upward and presumably along 
head linings, with subsequent downward flow as the air is 
cooled and mixed with that being recirculated by the under 
seat heater. Proponents of this arrangement contend that it 
supplies an adequate amount of fresh air at breathing level; 
prevents fogging under most, if not all, conditions; and keeps 
the air within the car reasonably free from impurities. The 
under-seat heater supplies air which is well warmed, if de 
sired, to both front and rear compartments, presumably main- 
taining a more nearly uniform temperature than usually is 
attained by a single under-cow! unit. 

There is no doubt that systems in this, the second class, 
present several advantages over those in the first class, as their 
advocates contend, but whether they offer the best solution 
(or compromise), cost and performance considered, is a mat 
ter of opinion. In the writer’s view, it is doubtful whether 
the systems in themselves afford adequate ventilation for hot- 
weather driving (at which time, of course, the heating ele 
ments are not supplied with circulating water), but the 
supplementary or independent use of cowl and window ven- 
tilation may be sufficient except perhaps under occasional 
storm conditions when both ventilators and windows must 
remain closed to exclude water. On the other hand, some 
engineers consider these systems inadequate and this belief 
has led to development of systems in the third classification. 

In the third classification, there are three outstanding and 
distinctive types of design intended to do about as much as 
can be done, with the exception of dehumidification and 
refrigeration, to make car interiors comfortable for both sum 
mer and winter driving. As these systems go a step farther 
than those in the preceding classifications (typical examples 
of which are described in Figs. 4, 5, 6, 7, and 8), a briet 
comparative study of these three designs is here presented. 

That evolved by Studebaker engineers is quite similar to 
later designs in the second classification which use under-seat 
heaters in combination with a separate defrosting unit under 
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the cowl, but has the important difference that the main 
(under-seat) unit is equipped to draw in its full capacity of 
fresh air, which is first filtered and presumably freed of rain 
and snow as well as from at least a large proportion of the 
dust which would enter otherwise. As seen in Fig. 4, the 
main unit is housed in a sheet-metal case, most of which. is 
below floor level, and the only air inlet is through openings 
above the running board and through the body sill. Air 
entering at this point passes around and through a cylindrical 
filter composed of long fibers moistened with oil and having 
between them space through which air is drawn. Operation 
is much the same as with filters commonly used on carburetor 
inlets, and cleaning is effected the same way, by washing the 
filter in gasoline. The filter (held in shape by wire mesh) is 
cleaned after removal through the detachable bottom of the 
housing from below the car. After the cleaned air passes the 
filter, it is drawn upward by the fan and discharged vertically 
through a horizontal core against the fabric bottom of the 
front seat. Striking the latter, the air diffuses into both front 
and rear compartments of the car in such a way that, it is 
claimed, no uncomfortable drafts are produced. There is no 
recirculation of the air (except through the defroster when it 
is operating) and none at any time through the main heater. 

This form of heater, which also provides ventilation both 
summer and winter, is designed for factory installation and 
has been supplied on about 50% of the lowest priced Stude 
baker (Champion) models and some 80% of those two 
higher priced (Commander and President) models. The unit 
is designed to deliver about 230 cfm of air at full speed of the 
motor driving its fan and is said to be capable of maintaining 
a temperature (presumably an average temperature) of 7o F, 
with a still higher temperature at floor level, and with an 
outside air temperature of zero F. The design contemplates 
sufficient outward leakage of air around doors and windows 
to maintain full capacity of air flow through the heater with 
out providing any other outlet. As the fresh air fed through 
the core enters the heater at lower temperature than would 
recirculated air, a larger temperature difference between air 
and core is maintained and a larger heat dissipation from the 
core is effected, but this design is understood to require a core 
only some 10% larger than is needed with the lower tempera 
ture differential in a recirculating system. 


Adequate for Extreme Conditions 


With the full supply of fresh air, ventilation is understood 
to be excellent even with all windows closed and with a full 
complement of passengers. Presumably, especially with the 
defrosting unit circulating air, windshield and windows can 
be kept free of fog even under most unfavorable conditions. 
Since the main heating and ventilating unit is under the front 
seat, there is less congestion under the cowl than with full-size 
under-cowl heaters, and no interference with foot room, 
advantages shared with other systems having under-seat heat 
ers. Use of a heater of this type, including a filter for fresh 
air, requires considerable space below the seat but, as this 
space is not of much use otherwise (unless it be employed for 
a battery or radio) and does not break into space required for 
frame members, at least on Studebaker cars, this cannot 
be considered a disadvantage; whereas the advantages are 
numerous. 


Nash’s “conditioned air system for winter driving,” as it is 
termed, which includes also the so-called “weather eye,” em 
bodies several unique features. It is designed to maintain 
automatically, except in summer or when the car is oper 
ated in hot climates, any desired temperature for which the 
“weather-eye” control is set, once the engine jacket water 
becomes warm. There is no direct control of humidity, as 
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none is considered necessary tor conditions under which the 
unit as a whole is designed to function. The unit is arranged 
to handle fresh air only, none being recirculated. As orig 
inally designed, it included both a fan and a pair of defrosting 
blowers, but the 1940 unit employs only a single blower and 
no fan and takes full advantage of the pressure head set up 
by forward motion of the car. Fig. 5 shows how the unit is 
constructed and the relative position of its several components. 

All air enters through a cowl ventilator which is kept wide 
open. It first strikes a set of vanes or louvers forming what is 
termed a “rain shedder.” Abrupt changes in direction of flow 
adjacent to these louvers tends to throw out solid and liquid 
particles, the latter falling into a trough where they are 
drained off. Immediately after passing the rain shedder, the 
air passes through an oil-treated filter set at an angle of about 
60 deg to the vertical. There are several layers of filtering 
material disposed in angular relations such that the air direc 
tion is changed several times, and dust and insects thrown 
out of the air stream adhere to the surfaces of the filtering 
medium. The filter is removable through the cowl and is not 
designed for cleaning but for replacement by a new unit when 
it becomes clogged. It effects a desirable diffusion of air, such 
as to promote subsequent uniform heating as the air passes 
downward through the heating element, which is warmed by 
water from the engine jacket. . 


When Blower Operates 


In general, the blower is driven by its motor only when: 
(1) the car is standing; (2) when moving slowly with a tail 
wind; or (3) when air must be directed to defroster outlets. 
Nash engineers assert that, although most state codes specify 
25 to 30 cfm of air per person for comfort and freedom from 
odor, air intake in the Nash system is as follows: 


Car speed, mph Air intake, cfm 


0 roo fan only 
30 250 no fan 
45 400 no fan 
60 530 no fan 
70 675 no fan 


This rapid circulation of air is counted upon to produce 
ample ventilation and to prevent the drowsiness which results 
from the presence in some cars of monoxide fumes and /or 
stale air. On this score, as well as on that of preventing fog 
ging and sleet accumulation, the unit is rightly regarded as 
a safety asset. Air issuing from the unit is discharged hori 
zontally right and left from outlets just below the level of the 
instrument panel under the cowl. There are no ducts to carry 
or direct the air rearward, but the large quantity supplied 1s 
said to effect a condition such that “back-seat passengers are 
as comfortable as the driver and front-seat passengers.” In the 
Nash system, it is contended, admission of air through the 
cowl ventilator produces a slight positive pressure within the 
car, with all leakage outward through door and window 
crevices and through special outlets which are provided in all 
rear-quarter window garnish moldings. Consequently, there 
are no cold drafts to chill rear-seat passengers. The rapid air 
circulation is said to permit of smoking in comfort and to 
result in carrying out exhaled moisture so rapidly that fogging 
of windows does not occur. 

Warm air forced by the blower through tubes leading to 
defroster openings is claimed to effect “positive de-icing” and 
“to keep the glass clear in snow or sleet storms.” Under 
extreme sleeting conditions, the control dial should be set at 
“hot” and “all warmed air directed to the windshield for 
quick defrosting action.” A shut-off is located in the right 
defroster tube “to provide ample heat (presumably on the left 
half of windshield) when moving in extremely slow traffic 
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Fig. 5 — Nash system for supplying all fresh air which is filtered 

after entering the cowl ventilator. The so-called ‘Weather 

Eye"’ operates thermostatically to maintain a constant air 

temperature in winter driving, by controlling the flow of water 
through the core 


during bad sleet storms.” (Quoted portions, except the phrase 
in. parentheses, are from information supplied by Nash 
engineers. } 

A unique feature of the Nash system (or one which was 
unique at the time the system was introduced) is the use of 
a thermostatically controlled valve, operated by a bellows, to 
vary the water flow through the heater core and thereby 
maintain (except in hot weather) the temperature for which 
the “weather eye” is set, regardless of weather, wind, outside 
temperature, or car speed. By the use of a knob and dial, the 
thermostat is set to “cold,” “medium,” “hot” or some inter- 
mediate position on the scale and thereafter the unit functions 
automatically save for manual starting or stopping of the 
blower under conditions such that the latter is required. The 
“weather eye” itself is located at the top edge of the instru 
ment panel and just below the windshield. It is sensitive both 
to the temperature of warm air within the car and is affected 
also by radiation through the windshield glass. Water flow 
responds to the action of sulphur-dioxide gas in a tube about 
2 ft long which passes through the air stream below the 
heater core and ends in a coil in the “weather eye” which, 
being so close to the windshield, presumably is subject to the 
lowest temperature within the car. Gas temperature within 
the tube is a resultant of car body temperature and of air 
temperature below the core. In zero weather, the resultant 
coil temperature is said to be about 60 F and, on a day with 
outside temperature at 60 F, about 7o F. Change in the 
resultant temperature causes the gas pressure in the tube to 
vary and, in turn, to actuate the bellows and valve controlling 
water flow as shown in Fig. 6. When the car is left standing 
and the temperature of the “weather eye” falls below 60 F, 
the valve opens to give maximum water flow through the 
core, but once the car temperature rises above 60 F, the flow 
of water through the heater is determined by the temperature 
of the heater control coil. When the blower is turned on, the 
control knob should be set to “hot” position in which the 
water valve is held open positively by a pickup or limit screw. 
A quarter turn of the control knob changes the heater air 
temperature 4 F, and the body temperature will change nearly 
the same amount. 

In summer, or when a supply of heat is not required, the 
control knob is set to the “cold” position, but the intake, 
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Fig. 6— Detail of thermostat with bellows operating a valve 
which controls the flow of hot water through the heater core in 
the Nash system 


filtering, and circulation of clean fresh air continues. When 
adverse weather conditions make it necessary to close win- 
dows and open the ventilator or when driving through dust 
storms or where insects would enter the car if windows were 
open, there is still a rapid change of filtered air within the car. 

Cars in the Chrysler group are available in 1940 models 
with an entirely new system for heating and ventilating de- 
signed to use only tresh air without recirculation, although 
the system can be employed as one for recirculation by any 
users who may be averse to plenty of fresh air, properly 
heated. As will be seen by the following description and 
Figs. 7 and 8, this system has features similar in some respects 
to the Nash system but differing in other important respects. 

In winter, with the Chrysler system, as set in the normal 
way for taking in all fresh air and without recirculation 
(windows being closed), all air enters via the cowl ventilator, 


,selected as the most logical and “cleanest” point of entry. 


After passing through a filter and rain separator, the air is 
divided right and left and is drawn or forced through two 
separate heater cores and into two separate blowers. Thence 
the air passes downward and backward through flat ducts, 
having suitable separators, and out of openings disposed verti- 
cally over a space about one foot high. The mouths of the 


' ducts are just forward of the front door as shown in Fig. 7. 


Air, delivered at this point with considerable velocity, 1s 
directed in two streams, one across the lower portion of each 
front door, much of it passing between the door and the front 
seat into the rear compartment of the car. This compartment 
is thus warmed, it is asserted, as quickly and as effectively as 
is the front compartment. By passing along the doors, the 
warmed streams of air are intended to cut off drafts and 
leakage at these points. The streams do not blow directly on 
passengers in either compartment, it is asserted, thus avoiding 
certain undesirable features often associated with air condi- 
tioning. If the outlets mentioned do not afford the desired 
distribution of heat front and rear, supplementary and manu- 
ally controlled outlets are provided for diverting more warm 
air into the front compartment. 

Also provided is a manually controlled water valve by 
which the flow of hot water through the heater cores can be 
varied, thereby varying also the temperature of the air dis- 


charged. There are, in addition, outlets on the right blower 
housing for connecting defroster tubes through which air is 
conveyed to the usual defroster outlets. Because of this extra 
supply from the right blower, it is driven at 2800 rpm as 
against 2200 rpm for the left blower. Diversion of air to the 
defroster nozzles is effected by a simple damper. Three con- 
trol knobs marked, respectively, “Temp,” “Heater,” and 
“Defrost” are provided on a bracket just below the instru- 
ment panel. Back of the instrument panel are a pair of knobs 
for controlling the position of the cowl ventilator and for 
setting an auxiliary door which can be opened in hot weather 
to deliver air directly into the front compartment without it 
passing through the ducts and blowers, and without restricting 
the flow by a filter or long passages. It is possible to use the 
ventilating system, of course, with all heat shut off from the 
heater cores for ventilation when no heat is desired, whether 
windows be open or closed. In touring on the open highway, 
there is considerable flow of air through the ventilating sys 
tem, whenever the cowl ventilator is opened, whether the 
blowers be operating or not, and the entering air will be 
heated by the cores, of course, if hot water be circulated 
through them. In fact, the flow without the blowers is said 
to be ample to supply sufficient heat under most touring con 
ditions without consuming any current in the blower motors. 

Chrysler engineers state that heater requirements and those 
for fresh air were determined primarily by calculating the 
amount of fresh air necessary to keep windows free from frost 
and fog with four passengers and an outside temperature of 
zero F. This value was computed as about 250 cfm, which is 
about what the blowers handle; although their capacity is 
increased automatically, of course, when car velocities are 
sufficient to build up a material pressure head at the cowl 
ventilator. 

With a temperature gradient of 100 F, as between entering 
air and entering water, the heater cores supply about 18,000 
Btu per hr to air entering the car, but with outside air enter 
ing the heater cores at zero F, the temperature gradient may 
be 160 F, giving a corresponding increase in heat capacity for 
extreme cold-weather driving, which is said to have proved 
adequate in numerous tests. 

Fig. 8, furnished by Chrysler engineers, shows how the 
previously described 1940 heating system compares with the 
more nearly conventional heaters employed in 1939 cars with 





Fig. 7— Chrysler system which includes an intake with filter at 

cowl ventilator and twin blowers having their main discharge 

through ducts with outlets near the floor and just forward of 
the front doors 
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an outside temperature of about 17 and 30 F respectively. 
The vertical scale indicates temperatures (at ankle, knee, and 
eye level) in car interiors, and the horizontal scale shows time 
in minutes elapsed from start of test. Especially noteworthy 
is the remarkably small variation in temperature at ankle 
height as between front and rear compartments when using 
the new 1940 twin heaters as compared with 1939 equipment. 
The maximum difference is some 4 or 5 F in the 1940 
set-up, aS against variations as great as 30 F more with 1939 
equipment. 

Among the performance requirements set and presumably 
attained in the Chrysler system are: 1. Temperature uni- 
formity in front and rear compartments at a given level 
within about 2 F, plus or minus. Air discharge at tem- 
peratures and velocities such as not to produce drafts or local 
discomfort. 3. Sufficient control of relative humidity to avoid 
fogging, even at outside temperatures as low as zero F. (This 
necessitated means for preventing snow and rain from reach 
ing heating cores.) 4. engage of recirculation, partly on 
the score of promoting safety. 5. For reasonable comfort in 
summer driving, it is iaidenl: necessary to provide a mini- 
mum circulation of 250 cfm of air below knee level and this 
objective is attained with the two-unit system. 

It is possible, of course, to apply a conventional heater in 
any car in such a way that all the air it supplies will be drawn 
from outside and delivered through the core. But, with a 
single unit located under the cowl, it is not a simple matter 
to secure as high a degree of uniformity in heating without 
drafts as some engineers consider desirable. It seems clear, 
however, that a system supplying all fresh air (placing the 
unit in the third classification as here outlined) provides 
certain definite advantages not realized by units in the second 
classification. At the present time there appears to be, how- 
ever, some difference of opinion whether the advantages are 
sufficient to warrant a more extended use of systems in the 
third classification and, if so, which is the optimum arrange- 
ment. If, as in some instances (apparently), higher costs are 
entailed to realize the benefits of systems in the third classi- 
fication, one must decide whether these benefits justify the 
added costs. 

Under-Cowl Versus Under-Seat 


Two of the three systems in the third classification just 
described have the entire unit installed in the rather congested 
under-cowl location and the Nash unit, particularly, some- 
what restricts the foot room of a third occupant of the front 
seat, as do also some other under-cowl heater installations. 
On the other hand, the only under-seat installation using all 
fresh air (Studebaker) requires a small separate under-cowl 
unit for defrosting and involves drawing fresh air from a 
lower level where, some contend, 
perhaps, more exhaust gases. 


there is more dust and, 
Also, the filter must be removed 
from below the car, whereas that for a cowl installation can 
be removed from above, although it then may have to be 
smaller and is not too easy to get at. On the score of relative 
uniformity in heat distribution, both Studebaker and Chrysler 
are understood to give good results, but specific data on per- 
formance in this regard have been furnished only by Chrysler. 
It is clear that each type of system and arrangement thereof 
involves certain advantages and compromises, some of which 
the author has pointed out. There appears to be no basis for 
a strict evaluation; hence it is not surprising that different 
engineers have different views as to which is the best. It is 
not unlikely that still other arrangements than those outlined 
will be tried if, indeed, they are not already in use. 
Concerning the fourth type of system, of which there is, as 
far as the writer is aware, only one design being offered by a 
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Fig. 8-Curves comparing performance of 1939 Chrysler 
single heater with the 1940 twin heaters. The relative uniform- 
ity in temperature in front and rear compartments with 1940 
equipment and the lack of it in 1939 equipment are noteworthy 


maker of passenger cars, there is naturally, as yet, a marked 
diversity of opinion. Some qualified engineers with whom 
the author has discussed the subject, although they concede 
that the addition of refrigerating equipment to a heating and 
ventilating system so as to provide cooling for summer con- 
ditions, may be successful, are frankly skeptical of its practical 
utility in the present state of the art. This skepticism arises in 
part from doubt that cost can be kept within bounds such as 
to interest car users on a large scale and in part from doubt 
whether the complication and weight of the equipment re- 
quired is justified by the benefits which are likely to be 
derived. There is little doubt that some car users are good 
potential purchasers of a system for complete air conditioning, 
for both summer and winter use, and that some such will buy 
such systems even at a high price. Those who use their cars 
a great deal in hot climates, especially, desire some means of 
keeping them comfortably cool, even though mechanical 
refrigeration be needed. If they pay the price, however, they 
will expect a reasonable degree of dependable and satisfactory 
performance without undue service costs — conditions which 
it may prove difficult to meet. Other engineers take the view 
that a practical cooling system costing the car buyer less than 
$100 can be worked out and that, at this price, enough pur- 
chasers can be found to warrant large-scale manufacture with 
ultimate if not initial cost reductions which may 
extend the use of such systems. 


further 


Packard is now offering at extra cost, for factory installation 
only, a complete system for both summer and winter air con 
ditioning, the components of which are furnished by Bishop 
& Babcock Mfg. Co. which, the author understands, did or 
participated in the development work. This system is de 
signed to filter the air; circulate it through the car, adding 


only such fresh air as enters through normal leakage; cool 
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the air by mechanical refrigeration, with automatic dehumidi- 
fication in summer; and warm it in winter. This system 
depends largely upon recirculation, and since considerable 
moisture is exhaled into the air by occupants of the car in a 
comparatively small space, it is not considered necessary to 
humidify the air artificially in winter. 

The Packard system differs from those in the other classes 
discussed in several respects. Among these the most impor- 
tant is the use of a complete mechanical refrigerating system 
which is employed, of course, only when cooling is desired. 
Another difference is that the air is fed in at the extreme rear 
of the car under the pressure difference set up by a pair of 
Sirocco blowers and is directed toward and along the roof of 
the car. Return flow is under the rear seat and thence through 
a filter into the housing which contains, in one compartment, 
an evaporator coil for cooling the air in summer or in hot 
climates and, in another, a heating core, supplied with water 
from the engine jacket, for use in cold weather. Fig. 9 shows 
the location of the various units of the system. 


Properties of Refrigerant 

Of special interest is the refrigerating system in which the 
refrigerant is Freon, a non-toxic, non-corrosive, non-flamma- 
ble, non-irritating and almost odorless product which is a gas 
at “normal” temperatures. The gas circulates through a 
closed system, of course, and in the same way as in the com 
mon household refrigerator system, but the Packard system 
has a much larger capacity than do such refrigerators. In the 
Packard system, heat absorption is said to be about 12,000 
stu per hr when the car is running at 25 mph. As the com- 
pressor is driven directly off the engine, its speed and capacity 
vary, of course, with engine speed and consequently with car 
speed, so that, at 80 mph, the capacity is stepped up to about 
30,000 Btu per hr. Unless the V-belt driving the compressor 
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be removed, as it would be in winter, the compressor runs 
continuously when the engine is running. 

A feature of the refrigerating system is the compressor 
which is mounted above the engine and driven by a pulley 
attached to that which drives the engine fan and water pump 
as shown in Fig. 10. This pump pulley is driven, in turn, by 
a belt running over the crankshaft pulley and over one on the 
lighting generator, in the normal way. The compressor is a 
2-cyl reciprocating type and is said to weigh about 31 lb. It 
draws gas from the evaporator, of course, being connected to 
this part by a %-in. copper tube, and delivers into a condenser 
through a %-in. tube. Both lines are connected by short 
lengths of flexible tubing designed to prevent the lines from 
receiving any vibrations set up by the compressor or engine. 

To take full advantage of the blast of cooling air set up by 
the engine fan and by the motion of the car, the condenser is 
placed between the grille and radiator. This makes it pos- 
sible to use a smaller condenser than would be required where 
there is less air flow and also makes it unnecessary to furnish 
a separate fan and fan drive. Being in front of the radiator, 
the condenser receives, of course, the coolest air available. 
Gas enters the condenser at the top and leaves as a liquid at 
the bottom, flowing thence through a 4-in. line to a receiver 
mounted on the frame of the car below the left front door. 
From the receiver, the liquid flows through a %-in. line to an 
expansion valve at the evaporator coil, but just outside the 
housing in which the latter is inclosed. This housing is 
against the forward wall of the luggage compartment and is 
roughly triangular in shape as shown in Fig. 9. The left 
side houses the evaporator coils which cool the air drawn 
through them and the right portion contains the heater core 
connected by hose lines to the engine jacket and pump. 
Dampers are provided to direct the flow through either com 
partment. At the bottom of the housing is a renewable air 
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Fig. 9- Arrangement of cooling, heating, and ventilating units in the Packard system, which is in the fourth classification and in- 
cludes a mechanical refrigerating system for use in hot weather 
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filter and, at the top, the pair of Sirocco blowers. Above the 
latter is a discharge grille, just back of the rear seat, and so 
positioned as to direct the air upward and forward. There 
doubtless is a drain for water which condenses on the evap 
orator coils (thus reducing the humidity of air entering the 
car), but mention of this drain is omitted in data furnished 
the author. Shut-off, expansion, and other valves are similar 
to those used in commercial refrigerating systems. 

Aside from the dampers just mentioned and valves for 
controlling the flow of refrigerant in summer and water in 
winter, the only control required is a switch and rheostat on 
the instrument panel by means of which the blower motor 
can be turned on or off and its speed can be regulated. This 
is the only control the car owner need operate, as a rule, as 
the valve and damper settings will be changed normally in 
the service station when other changes from summer to winter 
driving and back again, as in all cars, are usually made. 

By designing the system for recirculation, the load on the 
refrigerating system is minimized. The entire system is in 
tended for use with all windows and the cowl ventilator 
closed. Announcements indicate, however, that a front win 
dow may be opened slightly if, when driving with a full load 
of passengers, sufficient fresh air does not enter through nor 
mal leakage channels. Naturally, there is nothing to prevent 
driving the car with windows and cowl ventilator open, if 
desired, when neither heating nor cooling is desired, but any 
considerable openings naturally will affect the load on cooling 


and heating systems if these be placed in operation. 


Sun Increases Load 


In summer, besides the load on the refrigerating system 
incident to cooling the air, including that which enters by 
normal leakage or through a slightly opened window, there is 
also the sun load with direct radiation through windows and 
such other radiation as may occur through body, roof, and 
floor panels and dash. The latter transfer (except for any 
direct conduction) is minimized, of course, by the normal 
body insulation. Some heat is also exhaled and radiated by 
passengers. Due allowance for all of these doubtless have 
been made, but whether the system is adequate for extreme 
conditions is not stated. There appears to be no doubt, how 
ever, that comfort can be increased materially by the retrig 
eration provided, even under extreme heat. 

It is too early, of course, to pass judgment on a system just 
introduced as this paper is being written and with which the 
author is familiar only through information furnished by the 
makers. It would appear, however, that the system is well 
thought out and constitutes at least a commendable first step 
in the interest of promoting comfort, especially for summer 
driving. Its expense ($274 additional to the purchaser of a 
Packard car, including the heating system which, if of the 
conventional type, would account for only a small fraction of 
this total) is considerable, as is also the added weight, but 
perhaps not more so than would be anticipated in a new 
development and with the quantities manufactured doubtless 
quite limited. It is certain that its performance in service will 
be watched with great interest by many who are studying 
other possible systems for about the same purpose. 

One may question, in the absence of specific data on the 
point, whether, with air entering the car interior at the ex- 
treme rear and at a fairly high level, there will be either suf- 
ficient cooling or heating at the rather important foot and 
knee levels, especially in the front compartment, but the 
makers doubtless have satisfied themselves on this and on 
other points. Naturally, any system involves certain compro- 
mises, and there may well be difference of opinion as to how 
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Fig. 10 —Installation of compressor, for refrigerating system, 

under Packard hood. The drive is by V-belt from a pulley at- 

tached to that driving the water pump of the engine. Flexible 

pipe connections to inlet and discharge lines are seen in the 
foreground 


it is possible to realize the best results or even to arrive at a 
decision as to what results really are required. 

Since air conditioning is a comparatively new art, there is 
great difference of opinion as to how it should be effected 
even in homes where a relatively simple set of conditions 
apply. As compared with these, the conditions encountered by 
a passenger car may involve travel, even within our own 
Country, through areas where sub-zero to plus 120 F tempera- 
ture may be encountered along with wide extremes in hu 
midity, precipitation, wind velocity, and other meteorological 
conditions. State codes in respect to home air conditioning are 
said to vary widely and are not always easily met. With 
power, weight, and space limitations, among others, much 
more restricted in a passenger car, it may have to meet many 
different codes under conditions varying much more widely 
than in a home. In these circumstances, it requires courage 
to pioneer a system of air conditioning for all-year passenger 
car use, and the author feels that those who are pioneering 
the Packard system are deserving of much praise. 

Other methods of refrigeration than the conventional me 
chanical type may present possibilities, and it is certain that 
many different arrangements of the units required for both 
cooling and heating will be tried before an optimum compro- 
mise, cost, weight and performance considered, is evolved. It 
is much too early at this time to predict what the net results 
will be except to say that they are virtually sure to result in a 
higher average level of comfort in so far as the latter is af 
fected by heating, ventilation, and cooling. 

A few comments on structural considerations are deserving 
of mention in a paper of this type. Some of the sheet-steel 
housings and other stamped and drawn parts shown in ac- 
companying illustrations involve commendable jobs of draw- 
ing and of stamping, but none appears to the writer to be 
either especially new or outstanding as examples of fabrication 
with which automotive engineers are not already quite fa 
miliar. 

Although somewhat the same may be said of the die cast- 
ings used, it is the author’s belief that certain of these embody 
features deserving of particular comment. This statement ap- 
plies in particular to thin shells or housings which one espe- 
cially familiar with sheet-metal working might elect to stamp 
and draw, whereas, if die casting were considered, it might 
result in economies and other benefits otherwise overlooked. 
In any event, the die casting has proved its utility in heater 
housings and fan-blower enclosures, as well as in many fit- 
tings for collecting and directing air to be conveyed through 
heaters. Most of these parts are only 0.040 to 0.050 in. in 
average section thickness (little if any thicker than stamped 
parts). Fig. 11 shows an example. For exposed parts, such as 
heater housings, shapes are often more pleasing in appear- 
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Fig. 11 — These Hudson parts illustrate the ready adaptability 
of die castings to heater and ventilator systems. Although the 

largest one measures overall about 5x 8x18 in., its section 
thickness is approximately 0.050 in. and it weighs only 4 lb. 


ance than for stamped housings. See Fig. 12. Die castings are 
not subject to red rust, and they afford a good base for plat- 
ing, when this is desired. 

Piece price is likely to be less for steel stampings than for 
die castings in zinc or other alloys if quantities required are 
large. But, when quantities run below say 100,000 or there- 
abouts, the materially lower investment in dies, which is 
almost always realized with die castings, often brings the total 
cost well below that for the stampings, besides affording the 
other advantages named. The die castings may have certain 
integral louver shapes, as well as bosses for mountings and 
decorative forms not feasible in stampings. It may provide 
other integral parts, such as cored tubular outlets which, if 
desired in the stamping, are likely to require separate dies 
and assembly operations, whereas the die casting is usually 
one integral piece. 

It is not suggested, of course, that the well-known advan 
tages of stampings be overlooked, but rather that, when there 
is a chance that the die casting may be more economical and 
perhaps also introduce other advantages, the designer should 
not lose sight of such possibilities. There are many cases in 
which it pays to lay down alternative designs for stamping 
and for die casting, secure comparative costs, and weigh the 
other benefits of each, before deciding which shall be chosen. 

When today’s heating, ventilating and cooling systems are 
considered as a whole, it is apparent that their design is in a 
state of flux but shows a definite trend toward improvement. 





Fig. 12 — Unusually smart appearance is attained by effective 

use of die castings in this “Aerotherm" heater (Associated 

Parts Mfg. Corp.). The entire housing, which is lacquered, 

ond the plated horizontal vanes and vertical trim strips are die 
cast in zinc alloy 


It is not easy to predict with certainty or even approximately 
how this trend will eventuate except to observe that it seems 
bound to result in systems definitely superior to today’s aver 
age and not unlikely to be better than the current best, which 
ever that may be. 

In preparing this paper, the author has been greatly assisted 
by information furnished by the engineers of several car 
manufacturers and by those with several makers of the various 
units supplied. Without this assistance, which is gratefully 
acknowledged, the author could not have undertaken the 
foregoing comparative study. 





Mechanized Cavalry in the U.S. Army 


ASICALLY, there have always been three types of sol 

diers — foot troops, called infantry, mounted troops, called 
cavalry, and auxiliary troops, such as artillery, engineers, quar- 
termaster. All three of these groups work together as a team; 
no one part is more important than the other. The manner in 
which this team engages an enemy is for the infantry to attack 
and pin the hostile force to the ground while the cavalry goes 
to the flanks and rear, disrupting him internally. The auxil 
iary troops assist both the infantry and cavalry. 

Until the American Civil War, cavalry generally fought on 
its horses. In fact, the term “cavalry” had always implied 
mounted action. However, our losses of men and animals 
during the Civil War were so great, due to improved firearms, 
that mounted combat often became impractical, and cavalry 
began to use its horses only for transportation, dismounting 
for the attack. Of course, there were many times when ca\ 
alry still could fight mounted, but not against heavy machine 
gun and rifle fire. 

However, when cavalry dismounted, it lost what had for 
merly been two of its chief characteristics — mobility and 
shock. With this change in cavalry the art of war degenerated 
until it became a struggle of brute force and attrition, the side 
with the greatest reserves and raw materials generally being 
victorious. 

In order to gain a speedy decision in warfare, we must 
establish a force having the original characteristics of cavalry 
mobility, shock and fire power. The answer seems to lie in 
the application of armor. Since the modern rifle and auto 
matic weapons are so powerful that they preclude the use of 
adequate armor on a horse and his rider, we have turned to 
armored vehicles. 

Thus it is that mechanized cavalry has come into existence. 
Since its beginning, the mechanized force has been expanded 
until now it consists of a reinforced brigade of two cavalry 
regiments, a mechanized field artillery battalion, an airplane 
observation squadron, and miscellaneous attached troops. This 
force should not be confused with the mechanized infantry; 
while both, at the present time, are often outfitted with sim- 
ilar types of equipment, their missions are entirely dissimilar. 

To sum up, we may say that a mechanized cavalry regi 
ment consists of a powerful striking force of combat cars, 
aided by the machine-gun troop fire support and the screening 
effect of the chemical mortars. The reconnaissance troop 
protects the regiment from surprise and locates the enemy. 
A section of trucks is used to transport supplies. The regi- 
ment is equipped to perform its own maintenance up to a 
certain point. Radio and motorcycle scouts are used to direct 
the regiment. 

Excerpts from the paper of the same title by First Lieut. 
William B. Fraser, U. S: Cavalry, presented at the Kansas City 
Section Meeting of the Society, Kansas City, Mo., Jan. 8, 1940. 
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Modern Aircraft Walves 


By A. T. Colwell 


Vice-President, Thompson Products, Inc. 


N this paper Mr. Colwell portrays graphically 

and completely the development of American 
and European aircraft and automotive engine 
valves. Descriptions of present types include de- 
signs, materials, manufacturing processes, opera- 
tion, and maintenance. 


Three major developments are named as being 
responsible for the low valve temperatures and 
long service under high-output conditions of mod- 
ern aircraft-engine valves: development of the 
sodium-cooled valve; development of forging tech- 
nique; and cylinder-head design. In addition, 
three minor developments are mentioned: adop- 
tion of TPA austenitic steel for exhaust valves; 
use of stellite or a similar hard facing material 
puddled on the valve seat; and the use of TPA 
or Silerome X-9 for seat inserts. Mr. Colwell ex- 
plains that the sodium hollow-head and forced 
lubrication are American developments, whereas 
the austenitic steel, stellite, and steel seat inserts 
were first employed in England. 


A needed major development, he adds, is a 
constant-clearance aircraft-valve mechanism which 
meets all the requirements sought in America. 
Data on research work on improving gas flow in 
the valve ports are presented for the first time. 


Specific designs of valves discussed include 
Wright, Pratt & Whitney, Allison, Hispano-Suiza, 
Gnome-Rhone, Rolls-Royce. Bristol, B.M.F., Sie- 
mens, Junkers, Daimler-Benz, B.M.W.. Bramo. 
Fiat, Alfa-Romeo, and Villar Perosa, as well as 
the Buick automobile valve. 


HE entire aviation parts industry today is contributing 
its share to the progress of American aviation. Special- 
ists in many lines are available for consultation and 
research on the problems arising in this swiftly moving in 
dustry. Their experience, available from many years of spe- 
cialized work, is of great value to the engine or plane builder. 


[This paper was presented at the New England Section Meeting of the 
Society, Boston, Mass., Feb. 6, 1940, and the Southern New England 
Section Meeting of the Society, Hartford, Conn., Feb. 7, 1940.] 
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Ii is significant that, prior to 1936 in Europe, comparatively 
few parts specialists were active, whereas today their services 
are being rapidly expanded. An example of the economy 
effected by such specialists is the vast improvement in Ameri- 
can forging practice today. American forging specialists now 
produce forgings very close to size, with perfect grain flow, 
as opposed to the former large forgings necessitating the 
removal of a great deal of metal. 

The very recent history of aircraft valves in the United 
States and Europe for the high-powered motors now being 
produced contains some interesting data. This material may 
be divided into three parts: one covering design of the valve 
and related parts, one on features of manufacture and inspec- 
tion, and one on operation troubles. 

Design 

The material in this paper pertains principally to high- 
powered aircraft engines, and is intended to portray actual 
conditions as they exist today. 

The modern aircraft valve is meeting every requirement 
imposed upon it today. This includes speeds of over 3000 
rpm and bmep of over 200 lb per sq in. Many American 
valves are operating over 5000 hr, a performance not antici- 
pated a few years back. Some data on these points were 
covered in a paper: “The Trend in Poppet Valves,” published 
in the SAE Journal of July, 1939. (See Bibliography.) Pres- 
ent successful performance is due to three major developments 
and several minor, as follows: 


Major Developments 


t. The Development of the Sodium-Cooled Valve, by S. D. 
Heron, the Greatest Single Step— A salt mixture of lithium 
and potassium nitrate was first used, but decomposed at a low 
temperature, with vapor pressure. Metallic sodium is a far 
superior coolant. (See Appendix, Properties of Sodium.) 
Sodium wets steel; is a good conductor of heat; is light; has 
no vapor pressure at operating temperatures; and melts at a 
low temperature. Sodium at room temperature has the con- 
sistency of cheese. It must be kept in a preservative fluid or 
hermetically sealed as it reacts violently with water, particu- 
larly under pressure. The sodium melts in the valve stem and 
agitates violently from the valve reciprocation, cooling by 
cenduction and convection, the heat being dissipated through 
the valve guide. 

2. Development of Forging Technique, Making Possible 
the One-Piece, Hollow-Head Valve—The first commercial 
hollow-head valves were made by forging copper in the head 
of the valve and melting it out to leave a cavity (Fig. r). 
These valves showed the value of the hollow head in greatly 
reducing valve temperature. The present forging method was 
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developed from these valves, giving better control of the 
product. These valves are one-piece forgings and made exactly 
to print contour. In the present hollow-head valves, notice the 
increasing wall thickness from the stem to the under side of 
the valve head, the zone of greatest heat. 

3. Cylinder-Head Design —Tremendous strides have been 
made by aircraft engineers in head-cooling, port design, seat 
insert material and design, forced and metered lubrication to 
the rocker boxes. The same general trend toward more fins 
which are more closely spaced, narrower and deeper, will be 
seen in the various pictures showing cylinder development. 
A tremendous amount of research has been done on cylinder 
heads. 

These three major developments give aircraft exhaust valve 
temperatures as shown in Fig. 2 in actual test, the tempera- 
tures being far below truck and bus valves which often reach 
1600 F. The test valve was made from a steel having an 
accurate draw curve; it was then hardened; then it operated 





in the engine, the heat of operation drawing the steel, thus 
indicating the temperature of each portion. Fig. 2A shows 
intake-valve temperatures. 


Minor Developments 
t. The Adoption of TPA Austenitic Steel for Exhaust 
Valves — Although difficult to forge and machine, this mate- 
rial has excellent hot strength, good corrosion resistance, and 
high impact value. The analysis is in the Appendix. 








Fig. | — Valve made by the 
copper method 
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Fig. 3—Valve with stel- 
lite seat after 4080 hr of 
operation 


Fig. 4—Evolution of Pratt and 
Whitney valves 





Regardless of cost, no production material today is superior 
to TPA for aircraft valves. Research work has investigated 
this subject deeply. No steel has been found which has all the 
properties desired for a valve steel, but TPA more nearly 
meets this condition than any other, with the help of sodium, 
stellite, and nitriding. Research work is continuing on valve 
steels. 

2. The Use of Stellite or a Similar Hard Facing Material 
Puddled on the Valve Seat — Due to its high hot hardness and 
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Fig. 2 — Exhaust-valve temperatures 


Fig. 2A - Intake-valve temperatures 
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corrosion resistance, stellite-taced seats are superior in per 
formance to anything else yet found. (See Fig. 3.) 

3. The Use of TPA or Silcrome X-9 for Seat Inserts 
Bronze seat inserts, both intake and exhaust, have been the 
cause of much valve trouble. The bronze has low strength, 
corrodes badly, and causes valve leakage. Tests run with 
sample blocks, by heating the blocks and quickly quenching 
to dev elop looseness, show bronze to be the poorest of the seat 
materials. TPA and Silcrome X-9 were the best in these tests. 

These three minor developments, added to the first three 
major developments, explain the highly successful valve per 
formance of modern aircraft engines. The sodium, hollow 
head, and forced lubrication are American developments. 
Austenitic steel, stellite and steel seat inserts were first em 
ployed in England. 


Designs and Materials Used Today 


Motors have characteristics, just as do individuals. For that 
reason designs, clearances, and operating combinations differ 
in the various engines. A design which is highly successful 





Fig. 5—Evolution of Pratt and Whitney cylinder heads, showing the change 
in finning 


In One engine may not be so in another, and the troubles 
experienced may be quite different. There are many factors 
which are common to all engines, however, explaining why 
designs, in general, may be the same, yet vary in detail. 
Through the courtesy of Pratt and Whitney Aircraft, we 
reproduce several photographs showing valve progress, and 
present some interesting information. Fig. 4 shows the stages 
of valve design up to the present time. The first two valves 
were Silcrome, with the stems drilled for lightness only. The 
third valve is sodium-cooled, with a capsule to prevent too 
much heat reaching the springs, and CNS was the material 
used. The fourth valve was developed from the third, due to 
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Fig. 6- Single 
bead retainer 
lock 





failure around the base of the 
head button. (See Fig. 50.) We 
solved this problem by _photo- 
elastic analysis, which showed 
that the button concentrated 
stress in an area around its base, 
and the successful design of valve 
No. 4 (Fig. 4) was evolved. The 
last valve is the present hollow- 
head, sodium-cooled valve, made 
trom TPA steel. 

Fig. 5 shows the gradual 
change in finning from a few 
wide fins to many narrow, deeper 
fins. 

Bronze retainer locks are now 
used exclusively. They prevent 
stem galling, give a better fit, 
and better distribute stress. Fig. 
6 shows a new and excellent de 
sign of single-bead retainer lock 
being used in high-rpm motors. 
We recommend retainer locks 
which are comparatively thin, 
which have a tendency to wrap 
about the retainer neck. Thick, 
rigid locks do not do this, and 
often cause galling in spots of 
high unit pressure. In very thor- 
ough tests, the lock of Fig. 6 
showed better properties than 
any other. These tests were run 
on a valve testing machine with 
the cam cut away, designed by E. A. Ryder of Pratt and 
Whitney Aircraft, for producing high seating velocities. There 
was a tremendous difference in the number of impacts neces- 
sary to produce breakage at the neck by fatigue, the lock of 
Fig. 6 being superior to all others. 

The design should be used with a locking angle of about 
15 deg. This produces a strong component of clamping pres- 
sure on the stem, which minimizes the stress on the bead and 
the retainer neck shoulder. There should be clearance be- 
tween the bead and the bottom of the retainer neck, as fit 
cannot be maintained at that point. 


Fig. 7 shows the pressure lubrication of the rocker arm. 
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Fig. 7 — Pres- 

sure lubrica- 

tion of the 
rocker arm 





The oil is metered and forced to the valve tip, and this design 
has greatly reduced stem and guide wear and improved cool- 
ing. Guide clearance has been greatly reduced, which is 
highly beneficial. Rate of wear increases rapidly with in- 
creased guide clearance. 

Fig. 8 shows a section of the Wasp head which has given 
a minimum of valve trouble. 

Valve bounce and spring surge are recognized as important 
problems, and much research work has been done on them. 
A very accurate means has been developed for recording the 
path of the valve against time, which has aided materially in 
valve development work. 
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Valve behavior is greatly affected by the shape of the cam. 
The mounting of the cam also has its effect on valve perform- 
ance and, with overhead valves, considerable influence can be 
brought to bear on the valve action by the elasticity of the 
valve-operating system in general, but particularly by push- 
rods. Seating velocities above 2 fps are not desirable. (See 
Du Bois and Cronstedt in Bibliography.) 

Constant-clearance mechanisms are desirable trom many 
points of view. Such a device would give constant timing, 
smoother engine operation, and help to eliminate shock and 
flutter in the valve train. Many devices have been tried in the 
past, but the problem involved is not 2 simple one. Some 
devices are in operation in Europe today, but they are not the 
all-suffcient design which is being sought at the present time 
in America. A device which meets all the requirements 
sought will be a major improvement in aircraft valve opera 
tion. The hydraulic clearance regulator developed by Wilcox 
Rich has been successfully used in automobiles and in some 
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Fig. 8—Section of Pratt 
and Whitney Wasp cyl- 
inder head 

























Fig. 9?-—Evolution of 
Wright Cyclone valves 
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Fig. 10 —Evolution of Wright cylinder-head finning 





Fig. 1! — Wright G-100 and G-200 cylinders 


small aircraft motors, but it has not yet been applied to high 
output engines for aircraft. 

The following data are presented through the courtesy of 
Wright Aeronautical Corp.: 

Fig. 9 shows the evolution of the Wright Cyclone valves. 
The valve on the left had no sodium, the material was cobalt 
chrome and it was drilled for lightness only. The next three 
valves were salt-cooled, of the same material; the remainder 
were sodium-cooled and TPA material, the last 
design being the present hollow-head valve, with nitrided and 
honed stem, stellite seat, cobalt-chrome welded tip. The valve 
steel first used was cobalt-chrome, but this material corroded 
badly in the presence of lead and salt water, with the former 
grease-lubricated rocker boxes. In some instances on the sea 
coast the valve stems became so corroded they had to be 
driven from the guide with a hammer. TPA steel and lubri 
cation have completely corrected this problem. The present 
valve handles about 130 hp in some models. 


made of 





Note again that the button design in the head was dis 
carded in later valves. 

Fig. 10 shows the evolution of cylinder head finning. The 
“G-100” (shown on the left side of Fig. 11) and the “G-200” 
(right view Fig. 11) cylinders have approximately 20 sq ft of 
cooling surface which has materially aided valve performance. 
Note the tremendous advance in finning over earlier cylinders. 

Fig. 12 shows the enclosed rocker box with pressure lubri 








Fig. 12-—Enclosed rocker box with pressure lubrication to 
rocker bearing 
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cation to the rocker bearing. Pressure is supplied to those 
cylinders above horizontal, gravity feeding those below. 

Fig. 13 shows the pressure pump used for this purpose. 

Much interesting work has been done on improving gas 
flow in the valve ports, and this is presented for the first time. 
Fig. 14 shows the apparatus which is used. In general, testing 
procedure is as follows: 

A blower with controlling dampers supplies air to a cham- 
ber (a) from which it passes through a rounded orifice to a 
second chamber (b) and thus through a third chamber (c) 
which serves as an approach to the valve port to be tested. 
The drop across the measuring orifice is measured by a 
manometer, as is also the pressure of the air ahead of the 
orifice. The pressure in the chamber ahead of the port is also 
measured by a manometer and, due to the low velocity in this 
chamber, this represents total pressure of the air stream ap- 
proaching the port. The valve opening on the port to be 
tested is adjustable by means of a 20-pitch screw. 

In operation, the port is adjusted at successively increasing 
valve lifts from zero to something exceeding normal full valve 
lift in the engine, and for each new valve position, the pres- 
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Fig. 13 —Pump used 


for pressure lubrica- 
tion to rocker bear- 
ing 
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sure in the chamber (c) is maintained constant by re-adjust 
ment of the dampers of the blower. 

For quick comparisons, the square root of the measuring 
orifice drop may be plotted against the valve lift, as indicated 
in one of the curves shown (Fig. 15). Thus, the effect of 
any small change in port or valve design may be readily 
indicated. The system has the advantage that, since the port 
and the measuring orifice are in series, any error due to vary- 
ing barometric pressure or temperature of the air stream is 
very slight, even without making any corrections, if the valve 
port is always tested at the same value of pressure drop. This 
is not necessarily true for ports of widely differing capacity, 
when the relation of pressure before the measuring orifice to 
pressure before the port may be quite different. 

For general study, the results may be reduced to non- 
dimensional units and thus large valves and ports may be 
compared with small valves and ports. The performance of 
a port is expressed as “port coefficient” which is the ratio of 
the area of a perfect orifice required to pass the observed flow 
at the pressure drop of the test, to the measured area of the 
valve seat insert at the smallest diameter of the seating por- 
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Fig. 14-—Apparatus 
used for testing gas flow 
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Fig. 15 — Steady state flow-lift curves for an intake port of the 
Wright Cyclone series 


tion. The test data are tabulated and proper corrections for 
pressures and temperatures are made in arriving at these 
results. It will be observed on the port-coeficient curve 
shown that a straight line is also drawn. (Fig. 16.) This 
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represents the ratio of measured valve openings to measured 
seat area, in this case for a 30-deg valve under consideration. 
It is thus possible to observe the extent to which a given 
design of port falls below the maximum performance theoret 
ically obtainable. 

It was further found that the shape of the seat insert was 
important, as shown in Fig. 17. The gentle curve prevents 
eddies and gives better flow, particularly when the port is a 
continuation of this curve. 

Tendency toward a wider seat on the intake insert and 
valve gave better diffuser action. 

With the particular port being studied, a definite relation 
existed between the seat angle and the radius — 20 deg was 
the maximum for good flow (Fig. 18). (Also note Hispano 
Suiza intake valve, Fig. 21.) 

















Fig. 17 -Valve-seat insert design 











Fig. 18- Proper seat angle 


Seat inserts sunk into the head, leaving a sharp shoulder, 
cause eddies and reduction in gas flow. 

Through the courtesy of the Allison Engineering Division, 
the valves and seat inserts used in the Allison engine are 
shown in Figs. 19 and 20. On the left is the intake valve, 
made of low-tungsten, SAE 7260, hardened all over to Rock- 
well C-45 to 50, with a welded tip of cobalt-chrome. The 
stem is enlarged for bearing, drilled for lightness, but is not 
sodium-cooled. 

The exhaust valve (right) is made from TPA, stellite seat, 
cobalt-chrome tip, sodium-cooled, nitrided stem. The valves 
are satisfactory for the present output of 0.585 hp per cu in. 
for normal rating, and 0.675 hp per cu in. for military rating. 
Hollow-head valves will undoubtedly be used for higher 
outputs. 

The intake seat insert (upper picture Fig. 20) is aluminum- 
bronze, and the exhaust insert is stellited steel, of the follow 
ing analysis: 


Carbon 0.60 — 0.75 
Silicon 1.00 — 1.25 
Molybdenum 5.00 — 5.50 
Manganese 0.40 — 0.60 
Chromium 


2.75 — 3.25 


| 


ne 
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The seat inserts are excellent design for a liquid-cooled mo 
tor. Inserts with thin walls and good depth are best for tight- 
ness, and the interference fit should not be too large. It ts 
interesting to note that the exhaust seat insert analysis ap 
proximates that widely used in automotive work. 

In general, American practice is not to stellite steel seat 
inserts. This has been done in some cases for special reasons. 
Ordinarily, stellite-faced valves work equally well with steel 
seat inserts which are with or without stellite. The insert seat 
width can be reduced if stellite is used. Stellite-faced inserts 
are quite common in Europe. 


Hispano-Suiza 


Through the courtesy of Hispano-Suiza, the following valve 
data are presented: 

Fig. 21 shows the intake valves for the V-12 liquid-cooled 
engine. Both intake and exhaust valves are hollow-head, 
sodium-cooled valves with nitrided stems and stellite seats. 
Fig. 22 shows the cross-section of the exhaust valve with tap- 
pet assembled. These valves operate directly from an over- 
head camshaft. The fit of the tappet in each valve is selective, 
and must be a tight screw fit. The sodium cavity in the stem 
is shorter than desirable, but cannot be longer with this con- 
struction. The sodium is sealed with a drive-fit tapered pin. 
The knurl on the end of the stem is for micrometer tappet 
adjustment. 

Note the outside contour of the intake valve. The valve 
contour is a continuation of the seat angle, blending into the 
radius with a smooth curve. This is for improved gas flow. 
These valves were formerly made from Silcrome steel, but 
are now made of austenitic steel, of similar analysis to our 
American valves. 

In America, sodium-cooled intakes have not found wide 
use. Volumetric efficiency can be improved by their use, as 
the incoming charge will pick up less heat, and particularly 
the hollow head will aid in reducing combustion-chamber 
temperature. They have been successfully used by the Avia- 
tion Corp. 


Gnome-Rhone 
Through the courtesy of Gnome-Rhone, the following 
photographs are available: 
Fig. 23 shows the section of the sodium-cooled exhaust 
valve as used in the 14-M engines. The stem is drilled with 
a taper to give greater wall thickness in the hot zone. The 
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sodium is inserted in the valve through the small tapered hole 
and sealed with a drive-fit, tapered pin. The tip is a hard- 
ened drive-fit plug. The retainer neck is the multiple ground- 
groove type. This valve is made from austenitic steel slightly 
different from TPA, analysis listed in the Appendix, with 
stellite seat. The 14-N engine valve is of similar design, but 
differs in dimension. The stems of these valves are cyanided 
to give a skin of high hardness, but not deep. Gnome-Rhone 
reports that this type stem gives excellent performance. 

Fig. 24 shows the hollow-head exhaust design, for the 
higher-powered engines, duplicating American design. The 
valve is sodium-filled, made of TPA steel, with stellite seat, 
nitrided stem, tip-hardened and welded. 

Experience is general that, as power outputs go up, the 
drilled stem valve is discarded in favor of the hollow-head 
type to get the optimum in valve life and performance. 


Rolls-Royce 


Fig. 25 shows an exterior view of the valve used in the fa- 
mous Merlin engine, and Fig. 26 shows a sectioned view of the 
same valve. There are four valves per cylinder, which does 
not allow space for a well-designed hollow-head valve. To 
correct for the lack of cooling, note the coating on the head 
of the valve. The seat and head coating are Brightray, 
analysis given in the Appendix. It is high chrome-nickel 
alloy, similar to American Nichrome, and the British report 
excellent results with this material. 


The head coating is to 
prevent corrosion. 


It has been American experience that 
Brightray on the seat pits much more than stellite, as the hot 
hardness is lower. The coating is applied by oxy-acetylene 
puddling. The sodium is sealed with a drive-fit, tapered pin, 
and a hardened cap is fitted on the end. 


—— 


—— 
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The reason for the head coating is explained later in the 
paper in connection with guttering. The small valves of 
British in-line, liquid-cooled engines have not responded well 
to hollow design. This is because the distortion of one cyl- 
inder is communicated to the next, and a flexible valve has 
responded best in these motors. The small hollow-head valve 
is quite rigid in the head section, although it is our opinion 
that the neck design does afford some flexibility. Detached 
air-cooled cylinders do not have the distortion problem of 
in-line blocks. The valves are small in these motors because 
there are four per cylinder. With two larger valves per 
cylinder, the hollow-head design is highly satisfactory, and 
In all probability it will be used in the 
Allison motor, judging from preliminary tests. This is a 
four-valve motor. 


is used in France. 


For further data on British valves, seat inserts and mate 
rials, please refer to the very excellent paper by F. R. Banks. 
(See Bibliography.) 


Bristol 


Through the courtesy of Bristol Aeroplane Co., the fol 


lowing data are presented: 


Bristol has championed the sleeve-valve motor, but many 
poppet-valve motors are still made at Bristol and in the 
shadow plants. These engines are all four-valve cylinders 
which have both advantages and disadvantages. The exhaust 
valves are too small to allow a good hollow-head design, but 
Fig. 27 shows that the stem sizes have been increased for 
greater cooling and more bearing area. The new designs 
of intake and exhaust are shown on the left, and the old de- 
signs are on the right. 

Fig. 28 shows the latest design of valves. The valve on the 
left is the exhaust valve which is made from KE-965 mate- 
rial, sodium-cooled, the amount of sodium being 40% of the 
cavity volume. Stellite, 0.040 in. thick, is placed on the seat 
and 0.020 in. of a material similar to Brightray is puddled 
over the head of the valve. The stem is nitrided and then 
treated with Aquadag solution. The stem is nitrided for a 
distance of 2 in. from the upper edge of the safety groove. 
The sodium is sealed with a tapered pin, and a hardened plug 
is fitted into the end of the valve stem. 





Se 





Fig. 22 — Hispano-Suiza 


Fig. 23-Sectioned 
valve and tappet 


view of Gnome-Rhone 
valve used in 14-M en- 
gines 





Fig. 24-— Gnome-Rhone 


hollow-head valve 
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The intake valve is shown on the right. It is made from 
KE-965, is drilled for lightness only and does not contain 
sodium. The stem is nitrided. The edges of the seat are 
stoned to a 0.010-in. radius to give better gas flow. 

The four-valve head gives breathing capacity greater than 
in the two-valve head. However, the valve gear is more in 
tricate; is ordinarily not enclosed or pressure lubricated; and 
American designers have had great success with the two 
valve head. The two-valve construction allows enclosed valve 
gear and forced lubrication. 

Fig. 29 shows the advance in finning on Bristol motors, 
and indicates the same trend as in American finning. Bristol 
uses a device which helps valve adjustment somewhat by 
compensating for head expansion. Development work on 
poppet-valve motors has been retarded due to concentration 
on the sleeve-valve engine. 


German Valves 


Fig. 30 shows a German exhaust valve, on the left, and an 
intake valve such as is used in the Siemens motor. The ma- 
terials are given in the Appendix. An analysis approximating 
stellite is used on the seats. Neither of these designs is good. 
The button on the head of the exhaust valve is poor design, 
as it concentrates stress, and the contour under the head of 
the intake valve is not good. The exhaust valve is sodium 
cooled, the sodium sealed by a tapered plug and electric weld 
ing, with a hardened tip. 

This intake valve will produce eddies and restrict flow, 
and is inferior in design to the American intake valves shown 
in Fig. 31. 

Fig. 32 shows valves used in the Daimler-Benz DB-600 
engine. This is a 12-cyl, inverted 60-deg engine, with fuel 
injection, instead of carburetion, developing 1roo take-off hp, 
and is used in the Messerschmidt plane. The valve on the 
left is the intake valve, drilled for lightness only. The valve 
on the right is the sodium-cooled exhaust valve, with puddled 
seat. 

Figure 33 shows the overhead camshaft which actuates the 
valves and also the seat-insert construction, which is good 
design. 


Fig. 34 shows the hollow-head valve used by B. M. F. 





Fig. 26 — Sectioned 


view of Rolls-Royce 
Merlin valve 





Fig. 25 — Rolls-Royce 


Merlin valve 
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This valve is a copy of American contour, sodium-filled, with 
a material similar to stellite on the seat, tapered welded plug, 
and puddled stellite tip. The performance of these valves 1s 
not known. They are used in air-cooled engines. The trend 
in German engines of higher output is to the hollow-head 
valve. 


The German organization for building engines is unique. 
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Fig. 28 — Bristol 
exhaust and in- 
take valves 


























Fig. 29 — Evolution of finning in 
Bristol engines 





Fig. 27 — Evolution of 
Bristol valves 


Two companies are usually assigned to the same problem. 
B. M. W. and Bramo (Formerly Siemens) produce large air- 
cooled engines; Junkers and Daimler-Benz large liquid-cooled 
engines; Argus and Hirth, small air-cooled training engines. 
Each company builds only one type of motor and one model 
of that type. 

This system produces engines rapidly, but could not pos- 
sibly be self-sustaining. The Daimler-Benz engine has about 
the same output as the Merlin and Allison engines and is 
used in the Messerschmidt plane. 


Italian Valves 


Fiat valves have formerly been made with drilled stem 
only, quite similar to the Gnome-Rhone valve of Fig. 23. For 
the new higher powered engines, the hollow-head valve of 
Fig. 35 has been developed. This valve follows closely Amer- 
ican design and is well manufactured. The material is similar 
to TPA, stellite seat and tip, sodium-cooled. It has performed 
satisfactorily in tests. 

Alfa-Romeo valves are duplicates of the Bristol valves, as 
they manufacture the Bristol engine. The Villar Perosa 
Co., of Torino, has installed a modern plant and is producing 
excellent valves. 


General Design 


The best intake design is a sweeping radius under the head, 


as shown in Fig. 31. Fig. 36 shows the intake valve recently 
adopted by Buick, which gave appreciably better volumetric 
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Fig. 30-—German exhaust and 
intake valves 
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Fig. 31 —Pratt and Whitney and Fig. 32 —Daimler-Benz valves 
Wright Cyclone intake valves 


Nubbins should not be left in center of the valve head, 
as they concentrate stress. The design of the fourth valve in 
Fig. 4 is one of the best. Fig. 26 was designed for head 
flexibility. 

The use of nitrided parts is increasing in high-output mo- 
tors. Air-cooled cylinder barrels are now made of forged 
Nitralloy, and nitrided, whereas they were formerly made of 
SAE 4140, and oil-hardened. When well lubricated, the 
nitrided barrel gives considerably longer life. 

Many valve stems are also nitrided, particularly the exhaust, 
but also some intakes. The nitrided surface is quite sus- 
ceptible to acid attack, sometimes causing pitting at either end 
of the guide. This same condition may be found on stems 
not nitrided, and is caused by electrolytic action while the 
motor is not operating. This is particularly likely to happen 
when the guide is bell-mouthed. A small quantity of oil, 
acidified by the products of combustion, collects at this point, 





and when the motor is not operating, electrolytic action takes 


Fig. 33 — Daimler-Benz overhead camshaft and seat-insert 


construction ' 

<4 

efhciency and which is taken from aircraft design. The : 
former valve was quite flat under the head. Although the é 


aircraft intake valve is not a source of great trouble, only a 
few materials make good valves —they are listed in the Ap 
pendix. The intake valve operates comparatively cool, be- 
cause it is cooled by the incoming gas, but the seat is con- 
tinually washed with raw gasoline which may contain some 
grit, and it must be hardened to resist wear; and, when hard- 
ened, it must resist breakage. Stem scuffing must also be 
guarded against. 

The hollow-head, sodium-cooled exhaust valve is the finest 
valve known. In some motors nitriding the stem allows closer 
guide clearance, and minimizes wear. This is particularly 
true with inadequate lubrication. As power outputs go up, 
there is a universal trend to the hollow-head valve. 

Regarding retainer lock design, we recommend a com- 
paratively thin lock which tends to wrap about the stem. It 
may be hardened or unhardened. Thick, stiff locks tend to 
give local bearing, with high unit pressure, causing gouging 
of the neck and fatigue failure. Bronze locks give excellent ‘ ; ; 
service. The single bead is preferable to multiple beads, as Ne (AP oar maaan accion oat 


te pa ‘ . head exhaust valve used Fiat valve 
it 1s dificult to ft multiple beads perfectly. in B.M.F. engine 
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Fig. 37 — Corro- 
sion caused by 
electrolytic ac- 
tion (stem not 


nitrided ) 
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Fig. 38 — Corro- 
sion caused by 
electrolytic ac- 
tion (stem ni- 


trided) 





Fig. 39 —- Valve 
with larger cav- 
ity, bringing so- 
dium nearer the 





Fig. 40-—Rough stem 
versus polished stem 








Fig. 36 — Buick intake 
valve 





Fig. 41 — Sodium attack 
caused by contaminated 
sodium 


place, pitting the valve stem (Figs. 37 and 38.) The valve 
of Fig. 38 is nitrided, and that of Fig. 37 is not. The danger 
of this condition is that fatigue breakage may develop from 
the pits. Ample lubrication of uncontaminated oil, with the 
guide not bell-mouthed, helps this condition. 

The trend in hollow-head design is toward larger cavities, 
with the sodium near the seat. (Fig. 39.) This design helps 
prevent head corrosion and guttering. 

The trend is toward larger valve stems and increased guide- 
boss cooling. The larger stem allows a greater sodium con 
tent, more bearing area to prevent wear and dissipate heat, 
added strength, and simplified manufacture. It is difficult 
te finish satisfactorily the interior of a small stem. 

Better finish on reciprocating parts is constantly being used. 
A good finish in the guide, plus honing the valve stem, cuts 
the initial rate of wear and gives longer life. Close clearances 
are highly desirable. 

Progressive intergranular corrosion of austenitic steel was 
considered a few years ago as definitely limiting the life of 
valves made from this steel. It is now becoming apparent, 
however, that sodium cooling keeps the temperature of the 





seat area 





Fig. 42 —Sodium attack 
caused by contaminated 
sodium 


Fig. 43 — X-ray view for 
checking capsule and 
cavity contour 


valve low enough to prevent this condition. Valves examined 
after several thousand hours’ service had no more intergran- 
ular corrosion than was found in the original forging. 


Manufacture and Inspection 

Many details of manufacture have greatly aided American 
valve performance. 

The interior of these sodium-cooled valves is carefully 
hand-polished to remove all scratches and tool marks, as these 
induce fatigue breakage. Fig. 40 shows on the left a rough 
stem, and on the right a stem properly polished. This is a 
slow, expensive operation, but necessary. 

We consider the American method of introducing sodium 
into the valve as the best. In this method, the sodium is 
introduced into the valve stem before it is swaged closed. 
The sodium and interior of the valve are protected by a 
temporary cap. The interior of the valve is clean and the 
sodium is pure, two very important points. Dirty sodium 
loses part of its cooling efficiency. Also, contaminated sodium, 
particularly the oxide, peroxide and hydroxide, quickly at- 
tack the steel, as shown in Figs. 41 and 42. Experience 
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has shown that sodium must be carefully handled to prevent 
these conditions. We do not favor inserting sodium through 
a small tapered hole after the stem has been swaged closed, 
but many satisfactory valves have been made this way. Some 
oxide forms in the interior during heating for the closing 
operation, and it is difficult to remove this once the stem has 
been closed. 

The cavity contour of hollow-head valves, and the wall 
thickness is measured by a very clever gage. The original 
design of this gage was suggested by A. Willgoos, of Pratt 
and Whitney Aircraft. As used at present, a master cam 1s 
made for the proper interior contour of each cavity. Con- 
nected to this master cam is a gage finger which moves along 
the interior wall, the deviation from the master cam being 
immediately recorded on a dial. Before this method was de- 
vised, X-ray was the method used in checking cavities. Fig. 
43 shows an X-ray view, to check the capsule and cavity 
contour. 

The method of checking the quantity of sodium in the 
finished valve was developed at Wright Field, and the ap- 
paratus is shown in Fig. 44. The sodium volume must be 
checked to assure that no valves have missed the filling opera- 
tion. Experience has shown that, for small cavities, valves 
will operate satisfactorily with 35% to 80% of the volume 
filled, with 60% optimum; but larger cavities operate best 
with a smaller amount, 40% to 50%. (See author’s paper: 
“The Trend in Poppet Valves,” reference in Bibliography.) 
The method of measurement depends upon the difference in 
electric resistance between sodium and steel, and the sodium 
level is quickly and accurately determined in each valve. 

A novel method for cleaning valve heads of deposit after 
service has been developed by S. D. Heron and the Ethyl 
Gasoline Corp. The method used is electrolytic, and a labora- 
tory apparatus is shown in Figure 45. This method is fast 
and effective. A molten mixture of 60 sodium hydroxide 
and 40% anhydrous sodium carbonate, by weight, is elec- 
trolyzed, using the valve to be cleaned as a cathode. The salt 
is maintained at 800 to goo F by a burner or electric heat, 
and a current of Y, amp is used from a 6-v storage battery. 
Ten minutes usually is sufficient in the bath, following which 
the valve is easily wire-brushed. (See Bibli- 
ography. ) 


reference in 





Fig. 44 — Sodium measuring machine 
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In our laboratory the following additional information has 
been developed. For tulip valves, the head contour is filled 
with the salt, which is allowed to solidify, then proceed as 
for other valves. If the 
current rises appreciably above 1, amp, metallic lead will be 
deposited on the valve, provided it has operated with leaded 
fuel. 


This prevents the trapping of air. 


Also, in some cases it is necessary to cool the tip, as 
with compressed air, to prevent drawing during the cleaning. 

Tests have shown, however, that in most cases tips do not 
draw during this process, even without the precaution of 
cooling. The greatest amount of softening found was 1.5 
points Rockwell C, which still left the required hardness in 
the valve tip. In this process, as much of the deposit as pos- 
sible should first be removed by wire-brushing to prevent 
heavy contamination of the bath with lead. 

Molten caustic produces severe burns, and goggles and 
gloves should be worn around the bath. To those familiar 
with the extreme difficulty of mechanically cleaning valves 
with adhering deposits, this method is a real contribution. A 
valve with a hard adherent deposit is shown in Fig. 46, and 
will be referred to later in the paper. 

Figs. 47 and 48 show two very interesting forgings which 
occasioned some surprise until the cause was deduced. The 
forging in Fig. 47 was hermetically closed in the stem, con- 
tained no sodium, yet exploded in the annealing furnace with 


a loud report. The wall thickness can easily be seen, indi- 








Fig. 45—Laboratory apparatus for electrolytically cleaning 
valves 


cating that terrific pressure was needed to cause such a rup- 
ture. No apparent reason could be found, as air alone would 
not produce this condition. 

Shortly thereafter the forging shown in Fig. 48 expanded 
and cracked in the annealing furnace, as shown, supposedly 
containing nothing but air. It occurred to the writer that 
these forgings might have been miniature diesel cylinders, 
and that oil or grease had been inadvertently introduced in 
the forging operation. A check on the forging of Fig. 48 
disclosed the remains of grease as shown. We believe that, 
when the temperature rose high enough and the enclosed air 
set up enough pressure, a diesel explosion occurred within 
the forgings, with the results shown. Steps were quickly 
taken to exclude any grease from forgings. 

In marking valves, formerly stamped letters were used. 
These produced many fatigue failures. All marking is now 
with electric pencil and with curved lines—no straight-line 
marking is allowed on any valve. We prefer to mark near 
the valve tip. 

All stellite seats are lapped in special machines before in- 
spection. Defects in the unlapped seats cannot be found. 
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netic steels are given the magnaflux test, as well as disc in 
spection of each bar. 
oe. s . > \ 
Another type of failure which is gradual but not dangerous, 
is shown in Figs. 52, 53, and 54. Fig. 52 shows the start of a 
failure by “guttering”; Fig. 53 shows the advanced stage; | 
and Fig. 54 shows the head condition of the advanced stage. 








Fig. 46-Valve with hard adherent deposit at end of guide 
and under head 


Atter lapping, however, any defects are immediately apparent 
under 40-power binoculars. Fig. 49 shows porosity in the 
stellite, and this seat would fail quite rapidly in a motor. 

A method of stellite inspection used in Europe is to let the 
valve stand in kerosene or gasoline. The stellite face is then 
covered with chalk, and the valve heated. The liquid will 
seep into any porous section and, when the valve is heated, 
will be expelled and darken the chalk. American practice 
of lapping the seats performs a useful operation and is very 
effective in locating defects. 

The technique of valve stelliting must be developed by 
each operator. It requires close attention to details. Various 
pressures of oxygen and acetylene have been used successfully. 
A satisfactory flame is one in which the feather is three times 
the length of the inner cone. In the puddling operation, mix 
ing the base steel with the stellite causes porosity. Shrinks 
and cracks are caused by too quickly removing the flame from 
the molten stellite. No. 1 stellite, with high tungsten, is a 
harder facing material than No. 6, but is much more likely 
to have defects in the seat puddling operation. 
used for tips. 


It is often 


Valve stems are carefully honed as the final operation to 
give an excellent finish. This reduces wear in the guide and 
on the stem, which is an important feature. Superfinishing 
equipment is now being utilized to give an even better finish. 


Operating Problems 


Valve breakage is the most serious type of field failure. 
Other failures may occur, but none cause the damage and 
danger of breakage. Therefore the first requisite of design is 
to prevent this occurrence. Fig. 50 shows the type of failure 
formerly mentioned as being caused by stress concentration 
about the bottom of the button. Fig. 51 shows a much more 
serious failure, and explains why so much care is given to 
steel inspection, smooth finish, forging temperatures, sodium 
check, and a great many other details —to prevent this type 
of failure. 

In the inspection of austenitic steel, where magnaflux cannot 
be used, the grind-down test is used on all steel. Fine finished 
specimens are examined under strong binoculars. Through 
experience the size and type of defect, in conjunction with 
the experience gained in the examination of finished valves, 
determines acceptance or rejection of the steel. Discs from 
each end of each bar of steel are etched and inspected. Chemi- 
cal analysis is made in duplicate on each heat of steel. Mag- 








Fig. 47 — Burst forging 


Mr. Hives, of Rolls-Royce, offered an explanation which is 
generally accepted, but to which some additional information 
might be added. (Reference in Bibliography.) Mr. Hives 
writes as follows: 

‘Lead oxide is deposited on the head of the valve and fuses with the 
protective oxide skin. It now acts as an oxygen carrier and promotes 
further oxidation of the valve material. The oxide mixture creeps 
slowly, flowing as an extremely viscous liquid, to the edge of the valve 
where it 1s considerably heated by exhaust scour, and if the valve is 
seating perfectly or very badly, it is broken up and blown out through 
the port, doing no further damage. If, however, the bedding is just 
slightly faulty, the scale is able to adhere to the valve face and pitting 
occurs until eventually a slight gas leak takes place and a gutter is 
formed by the joining of the pits, giving much higher local temperatures, 


thus hastening the flow of scale from the head of the valve This 1s 
the first stage of the attack. 

“If there is now an adequate deposit of lead oxide on the head ot 
the valve, the rise in temperature at the ‘blowby’ can increase. The 


continuous supply of molten lead oxide from the head and adjacent pits 
in the roughened surface, carries oxygen, obtained from a partial de 
composition of the exhaust gas, to the steel which is doubly heated by 
the scouring and its own oxidation. A rapid ‘thermit’ type of burning 
f the steel may now ensue, quickly leading to complete failure of the 
valve. We have known cases where the torch of exhaust gases, burning 
steel, and lead oxide, blown past the valve onto the aluminum wall of 
the exhaust port, has started a second violent ‘thermit’ reaction which 
ultimately has burned a hole through the port. 


“This ‘thermit’ reaction can be simply demonstrated by dipping a 
piece of steel wire into lead oxide and then heating to red heat. If the 
wire is removed from the source of heat, it will continue to burn in the 
region where lead oxide is present.” 

To this explanation might be added the fact that probably 
no gutter ever occurs without distortion of some sort which 
causes unseating at that point. Steel inserts greatly help this 
condition, as does a rich mixture. The interference angle, 
shown in Fig. 55, also helps, as it assures seating at the outer 
edge of the seat with higher unit pressure to prevent the 
attack from starting. Stretching of the valve, which changes 
the seat angle, causing a crack at the outer edge, is one way 
in which the attack starts. This guttered condition is not a 
chronic trouble in American engines, but occurs from time 
to time, necessitating replacing the valve. 

Coating the head of the valve with a material highly re- 
sistant to corrosion attack is one means of preventing gutter- 
ing. This is the reason for the coating on the head of the 
Rolls-Royce and the Bristol valves. If corrosion attack does 
not occur on the head of the valve, gutters are not likely to 
start. This design has not as yet been found necessary in 
American engines. 

Retainer neck breakage is practically unknown today. Snug 
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fits, with either bronze or steel locks, give highly satisfactory 
Loosely fitting locks which allow gouging of the 
neck, start fatigue failure and breakage. 

In some cases additional strength has been desired in the 
retainer neck section. This has been successfully acquired by 
rolling the neck section for both aircraft and automotive 


results. 





Fi 


g. 48 — Ruptured forging showing remains of grease 


Fi 


g. 49 — Porosity in stellite seat 


Fig. 50—Failure caused by stress at base of button 
F; 


g. 51 — Aircraft valve failure 
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valves. The rolling operation produces a skin hardness which 
greatly raises the fatigue value. A pressure of approximately 
400 to 500 lb per sq in. is used, care being taken that the 
work is absolutely clean. 

It is very important that springs be tested for strength and 
squareness. Cocked springs and weak springs cause serious 


bes 


€ 
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Fig. 52 — Start of guttering in stellited area 


Fig. 53 — More advanced stage of guttering in stellited 
area 


Fig. 54-—Head condition of valve in the advanced 
stage of guttering 
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Fig. 55—Interference angle which assures seating at outer 
edge, preventing guttering 


valve trouble. The former put undue slapping stress on the 
valve as it seats, inducing breakage, and may cause the valve 
to spin, with consequent seat and guide wear. Weak springs 
allow the valve to flutter and leave the cam, causing seat 
pounding and breakage. 

The most commonly used material today for aircraft valve 
springs is SAE 6150. 

An interesting case is shown in Fig. 56, from which con- 
siderable knowledge was gained in the handling of sodium. 
The sodium must be kept in a protective liquid, preferably 
hydrocarbon. Some preservatives, however, impregnate the 
sodium, and at the heat of operation actually case-harden the 
steel, as shown in this photograph. This was an interesting 
occurrence, but most unusual. 

Fig. 46, the valve with the heavy deposit mentioned earlier, 
shows another annoyance which builds up gradually, finally 
unseating the valve. This is found to a varying extent in all 
motors, both automotive and aircraft. The type of oil used 
is an important item in this type of failure. It is worst in 
warm weather, with lean mixtures, with high lead content, 
and with oils which stew with a tarry, sticky residue. This 
“build-up,” as it is known, eventually causes the guide to 
bell-mouth and the valve to hang open, followed by burning. 
No matter what the material used, an unseated valve will 
eventually burn, as the exhaust flame acts as a blowtorch 
under high pressure. No single remedy has been found for 
this build-up, but sharp scraping edges on the guides help. 
Additional cooling in any form helps, including good cir- 
culation of lubricating oil in the rocker boxes. In some tests, 
cutting the guide back below the boss has helped, as has addi- 
tional cooling around the top of the guide. The deposit 
formed is often so hard and adherent that it is difficult to 
remove. Valves which turn constantly in operation minimize 
the build-up at the top of the guide. We mean by this a 
slowly turning valve, as opposed to a spinning valve, which 
will wear the valve or block seat rapidly. Aircraft valves 
ordinarily rotate at certain engine speeds, stand still at others, 
and again reverse the direction of rotation at other speeds, 
depending upon the valve train design and the springs. There 
is a device for automotive use which gives positive rotation to 
the valves, but it has not yet been applied to aircraft use. 

Although lead in the fuel has presented new phases of some 
problems, all the lead problems combined are far more desir- 
able than a few minutes of severe detonation. 

Servicing valves in the field is an important operation when 
seat inserts and valves are reground. It is important that the 
original angles obtained at the factory be reproduced. The 
steel seat inserts are difficult to grind, principally because a 
very tough skin forms on the seat during operation. This, 
however, is one of the reasons for good performance. The 
inserts are best refaced with a grinder of the eccentric type 


such as the Hall or Waddell. Fig. 57 shows the Hall 
“A.W.” eccentric grinder. The wheel is eccentric to the seat, 
revolving at 10,500 rpm, with an eccentric action of 22 rpm. 
This type of grinder produces an excellent finish. An am 
meter needle fluctuates as the wheel travels from the high to 
the low side of the seat, standing still when the seat is con- 
centric. These machines are the wet-grinding type. 

Good valve action depends upon good guides. It is stand- 
ard practice to replace guides which bell-mouth 0.005 in. 
Due to excellent lubrication and finishes today, guide wear, 
other than bell-mouthing, and stem wear are negligible. 

Through the courtesy of Jack Bunce, Service Manager of 
Pratt and Whitney Aircraft, the following concise service 
data are quoted verbatim: 

“Taking the Twin Wasp (R-1830) engine as an example, the exhaust 
valve guides are set up with a clearance of 0.003 in. to 0.0055 in. and 
we allow wear up to 0.010 in. clearance before replacement of the guide 
and/or the exhaust valve. We allow up to 0.005 in. wear on the valve 


stem, but actually, stem wear is of so little account today that it is 
practically a matter of measuring the amount of bell-mouth in the guide 





Fig. 56 — Case-hardening of inside of valve caused by sodium 
attack 


at time of overhaul. It a flat plug gage 0.005 in. over the original high 
limit will extend into the guide a half inch at either end, it is then time 
to replace the guide. 

“As to guide wear, more recent experience has indicated this primarily 


a function of cruising fuel-air ratio. For example, where the engines 


cruise at 50 to 60% take-off power with a fuel-air ratio of 0.070 to 
0.072, the guides will usually last from 2000 to 2500 hr. On the othet 
hand, where the cruising mixture is leaned down to 0.066 to 0.068, 
the average guide life will be from tooo to 1200 hr. With the leaner 


fuel-air ratio more lead bromide or lead oxide is deposited on the lowe! 
portion of the valve stem which seems to act as an abrasive and caus 
the lower end of the guide to bell-mouth more rapidly. This condition 
occasionally causes a small amount of pitting at the lower end of th 
stem but very seldom results in rejection of valves. What little stem 
wear occurs is near the top end of the valve and sometimes amounts 
to a couple of thousandths in 3000 to 4000 hr valve time. As you wel 
know, this comparative lack of wear is primarily a function of adequate 
lubrication which is accomplished by pumping oil up through the push- 
rods and rockers under pressure and scavenging the excess oil from the 
rocker boxes. This lubrication system allows us to run from one over 
haul to the next; that is, 500 to 700 hr, without in any way disturbing 
the valve gear or lifting the rocker box covers. I might add that, with 
this current set-up, we have no record of a stuck or sluggish exhaust 
valve in service. 


“At time of overhaul it is normal practice to reface both the exhaust 
valve and the insert in the head. Only a very light cut is taken from 
the exhaust valve, which is accomplished with a conventional angular 
grinder, such as Black and Decker put out. Recutting the TPA inserts 
has been quite a problem, as a very tough glaze forms on these which 
tends to load up the grinding wheel. 

“The Waddell Engineering Co., of Newark, N. J., has put out 
an excellent eccentric grinder for this purpose, but it is rather expensive 
for the average overhaul shop. Both Black and Decker and Sioux make 
portable grinding equipment, electrically driven, for this purpose, which 
is fairly satisfactory. Recently Hall brought out an eccentric grinder 
which appears to have considerable merit. We recommend lapping 1n 
the valves after the seats have been recut, although there are still a few 
operators who delete this lapping operation. We do not recommend any 
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Fig. 57 — Hall 
"AW" eccen- 
tric qrinder 


diflerential angle of the seats and suggest blueing the surface after lap 
ping as an occasional check on the grinding equipment. 

“IT am personally of the opinion that valve and insert grinding at 
each overhaul is not in all cases a necessity. True, the insert does be 
come pitted to a certain extent, but the valve itself comes out looking 
like a mirror on the seat and I sometimes hate to see them disturbed 
at all. The complete absence of seat burning or erosion in recent years 
might support present maintenance practices and, with greatly extended 
overhaul periods, most operators feel they would be taking a chance to 
let valves go to every other overhaul before refacing. 

“We recommend that the valves be checked with a contour gage at 
overhaul for any signs of stretch. Generally speaking, stretch is very 
seldom found in our current valve designs but we still recommend it as 
a precaution. Exhaust valve life is, of course, still controversial, although 
I believe that our current valves will prove to have an almost indefinite 
life. This, however, has not been definitely established and we are still 
working up valve time in small increments and, as you know, examining 
the high-time valves every so often, and sectioning a few to look for 
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Fig. 58 — Checking exhaust valve, using limit gage 
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Fig. 59 — Air 
testing cylin- 
der for leaks 


changes in structure. We are using bronze locks 100% and, I might 
add, have not had a service failure with these. 

“I have nothing interesting to comment on inlet valves. They are 
set up with a clearance of 0.0015 to 0.0035 in., and neither the stem 
nor the guide shows any appreciable wear during its life. It is normal 
practice to regrind the face of the valve at time of overhaul and to 
recut the aluminum bronze seat.” 

Through the courtesy of William G. Kennedy, service man 
ager of the Wright Aeronautical Corp., the following service 
field data are available: 

At overhaul both intake and exhaust valves are carefully 
checked for wear and general conditions, using special limit 
gages. Fig. 58 shows the exhaust-valve limit gage which 
checks for minimum diameter of the valve when refacing the 
seat, the maximum amount of material which may be re- 
moved when refacing the tip, and the maximum permissible 
stretch. Stems are checked for cracks, scores, pitting, or 
build-up, and tips are inspected for wear. Discoloration of 
the valve seat or accumulation of carbon indicates imperfect 
contact in that area. 

Valve springs are carefully checked for broken tapered 
ends, and for strength and cracks. Springs which are broken 
at the tapered end of the wire are discarded, as a sharp edge 
so created may cause the valves to spin, resulting in excessive 
wear of the valve face or seat, or in cutting a groove in the 
cylinder head around the valve guide boss. 

The bores of valve guides are cleaned with crocus cloth 
and gasoline if they do not require replacement. Guides are 
inspected with flat plug gages together with a thickness gage 
to determine the maximum wear. They are inspected for 
looseness in the head, backing out, cracks, and the condition 
of the bores; the exhaust guides should be checked for pit 
ting on the outside diameter at the outer end of the guide and 
for burning or erosion at the inner end. If guides must be 
removed, they should not be pulled. Bore out the guide, 
using a counterbore cutter and pilot, leaving a thin shell of 
the guide remaining in the cylinder head. Break out this 
shell and ream the hole with the smallest size reamer that 
will clean up the hole. When new guides are installed the 
cylinder head is heated in an oven for 1 hr, at 600 F, and the 
guide is submerged in a solution of denatured alcohol and dry 
ice. Insert the guide and allow the cylinder to cool approxi 
mately 15 or 20 sec, so that the head grips the guide, then 
strike the end of the installing arbor a sharp blow with a 
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hammer to insure the guide bottoming. After new guides 
or seat inserts are installed, the cylinder is air-tested for leaks 
with the apparatus shown in Fig. 59. 

Steel seat inserts should be ground, preferably with an ec- 
centric grinder, and the seat width checked with the proper 
gage. The exhaust valve should be refaced to 29 deg 15 min 
plus 15 min minus o and lapped in lightly; the seat insert is 
30 deg. The lapped surface of the valve and seat should be 
continuous, indicating that the valve is tight, and the width 
of the lapped surface should not exceed 1/16 in. When 
valves are reground, a sharp edge sometimes remains on the 
outside diameter of the face. After regrinding valves it is 
recommended that this edge be checked and, if necessary, it 
should be broken to a 0.010 in. minimum radius with a hand 
stone. The valve stems acquire a glazed surface during 
operation and this surface should not be disturbed unless 
necessary. Whenever it is necessary to polish valves, this 
should be done so that no scratches are left on the surface. 

As soon as the valves of a cylinder have been lapped in 
and assembled in a cylinder, they should be tested for pos- 
sible leakage. After assembling a pair of old spark plugs, 
stand the cylinder on the bench so that it rests on the rocker 
boxes, and pour enough gasoline in the cylinder head to cover 
the valves. Blow air into the valve ports by means of a nozzle 
attached to a pressure airline hose, building up about 15 |b 
per sq in. pressure. Leakage of the valves is evidenced by 
the bubbling in the gasoline. This leakage might, however, 
be caused by improper seating or a small particle of dirt 
under the valve. To check this condition tap the end of the 
valve stem with a mallet, which will cause the valve to reseat 
itself. 


Conclusion 


Although occasional troubles are to be expected as is the 
case with all other motor parts, aircraft valve performance 
today is highly satisfactory. As we see the situation at the 
present time, valves can meet any requirement imposed upon 
them for some time to come. 
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Appendix 
Classified List of Valve Steels 
(Analyses follow) 
American Valve Steels: 
Exhaust: TPA 
CNS 
Intake: CNS 
Silcrome XB 
SAE 7260 
SAE 71360 


3ritish Valve Steels: 
Exhaust: TPA 
Silcrome No. 1 
Rolls-Royce (TPA) 
Intake: Silcrome No. 1 
KE 065 


French Valve Steels: 
Exhaust: TPA 
French Analysis 
Silcrome No. 1 
Intake: Same as Exhaust 
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Italian Valve Steels: 
Intake: Silcrome No. 1 
Exhaust: Reex 
TPA 
Silcrome No. I 


German Valve Steels: 


Intake: ¢ 


serman No. 1 


Exhaust: German No. 2 


German No. 2 


Valve-Steel Analyses 


C Mn P S ce Ni Si Mo W V 
CNS 0.25 i250 70 20 
to 0.50 0.025 0.025 to to to 
0.35 max. max. max. 13.50 a 20 
French 
Exhaust 0.39 0.62 19.39 21.18 0.29 1.35 
1. German 
Intake 0.49 0.40 0.018 0.023 10.83 nil 3.04 0.31 nil 0.04 
2. German 
Exhaust 0.46 0.98 13.52 12.45 1.29 0.32 41 
3. German 
Exhaust 0.50 0.72 0.018 0.024 14.05 12.70 1.67 0.07 2.16 0.04 
KE 905 0.35 12.00 T.0¢ 2.06 
to 1.50 to 10.00 to to 
0.50 max. 16.00 min. 2.5¢ 4.01 
Reex 
(Italian) 0.45 0.90 11.00 14.00 1.0¢ 2.01 
Rolls 
Rovece 0.35 0.50 12.50 12.50 1.0¢ 
to to 0.03 0.03 to to to i 
0.45 1.00 max. max. 14.50 14.50 1.75 3.04 
SAE 7260 0.5¢ 0.5( 1.5 
to 0.30 0.035 0.04( to tc 
0.70 max. Max. max. 1.00 2 
SAE 71360 0.50 2.0 12.0¢ 
to 0.30 0.035 0.040 to to 
0.70 max. max. max. 4.00 15. 
Silcrome 
No. I 0.40 ¢ 20 RA 2. 
to to 0.02 0.02 to to 
0.50 0.60 max. max. 9.00 3.5 
Silcrome 
XB 0.600 0.20 19.00 1.0 ee 
to to to to to 
0.86 0.66 23.00 2.0 2.95 
PA 0O.4¢ 13.00 13.00 0.30 1.75 
to 0.70 0.030 0.025 to to to 0o.5¢ to 
0.50 max. max. max. 15.00 15.00 0.80 max. 3.06 
Valve-Seat Facing, Seat Insert, and Guide Materials 
Valve-Seat Facings 


American 
German 
British 
French 
Italian 


Stellite No. 6 
(Daimler-Benz) 

Stellite No. 6 and Brightra\ 
Stellite No. 6 

Stellite No. 6 


Valve-Seat Inserts 


American Exhaust: 
(American Intake: 
British Exhaust: 


British Intake: 
French: 


Guide 
American 


TPA 
Silcrome No. Qg 
Aluminum Bronze 
Pratt and Whitney, Extruded 
NMC 
Aluminum Bronz« 
Silcrome No. 9 
TPA 
French Exhaust 
Valve Steel 


Materials 


Non Gran 
Lumen 48 
Wright Specification No. 6&5 3-! 


Lock Materials 


Pratt and Whitney: 


Specification No. PWA 231 


(Wright, Cast; 
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Valve-Seat Facing Materials BIBLIOGRAPHY 
soo ws aa — Title Author and Publication 
Cc 1.2 2.46 0.27 : : : m . ia : 
Cr 26.7 21.70 19.75 Valve and Valve Seat Tech- F. R. Banks, Institution of 
Ni 3-69 70.40 nique for Automobile and Automobile Engineers, De 
: 2.7 1.35 1.05 . 
a :. go bie Aero Engines cember Journal, 1938, pp. 32 
MoO ° 
W 4.0 2.46 63. 
Co 65.0 39.50 0.07 er * . = 
Fe 29.00 2.20 High-Output Aircraft E. W. Hives and F. LI. Smith, 
A . y 
Mn 1.77 Engines SAE Transactions, Vol. 35, 
; caper March, 1940, pp. 106-118. 
Electrolytic Cleaning of S. D. Heron, George Calin 
re. Valves gaert and F. J. Dykstra, SAE 
; ournal, Vol. 37, No. 6, De- 
Valve-Seat Insert Materials 37 
z cember, 1935, pp. 19-21. 
Aluminum- French Silcrome 
Bronze (Exhaust) NMC No. 9 rPA Aircratt-Engine Valve Vincent C. Young, SAE 
. eo ».40— 0.5 40— 0.5¢ : ra . » 
a oy = * : Bi: i Pits Mechanisms Transactions, Vol. 34, March, 
Mn 0.02 5.¢ ».fO r ° {9 « . 
P 0.030 max. 0.030 max. 1939, Ppp. 109-1 16. 
S 0.030 max. 0.025 max. ati . ' m - ‘oe 
Cu ii , The Trend of Air-Cooled A. H. R. Fedden, SAE Trans 
Cr 19.89 3.5 13.00 — 15.00 13.00 — 15.00 Aero Engines actions, Vol. 2. October. 
Ni 21.18 12 13.00 — 15.00 13.00 — 15.00 x Po 
1937, pp. -454. 
Si 0.29 0.5 2.75— 3.25 0.30— 0.50 37> PP- 437-454 
Mo 1.35 0.50 max. 0-50 max. Aircraft Powerplant Trends George Mead, SAE Transac 
W 1.75 — 3.00 1.75— 3.00 y 
Fe “ee Pe tions, Vol. 32, October, 1937, 
Al 10.5 pp. 455-467. 
= High Output in Aircraft R. N. Du Bois and Val Cron 
Engines stedt, SAE Transactions, Vol. 
Valve-Guide Materials 32, June, 1937, pp. 225-231. 
Wright ae aia ‘ a on Ar oF 
; bitten or Che Trend in Poppet Valves A. T. Colwell, SAE Transac 
Lumen Non Gran Spec. No. , . 
No. 48 Ricci 6853-B tions, Vol. 34, July, 1939, pp. 
Mn 1.0 295-304. 
Cu 84.0 86.0 81.5 
Ni 2... 5.0 
Fe 2.5 
sn I II. 
Pb 2.5 : on ; 
Al 10.0 Reducing Diesel Specific Weight 
Zi Deoxidized 3 
ith Phosnhorus ; : : 
vith Phosphoru OR any given engine, the weight per horsepower will be 
_ least when the ratio of maximum to mean pressure is least. 
How many of the existing automotive diesel engines have the 
os least possible ratio of maximum to mean pressure? Very few, 
(Pratt and Whitney Specification No. PWA 231) perhaps none, and so it must be concluded that they are 
S ado heavier than is necessary, and that they can be made lighter 
Sn oom. A 00 “a ~ . 
p 0.01— 0.35 by whatever means will lower the maximum pressure without 
Zi 0.30 max. decrease of the mean. This raises the question of how low 
4 rege ore can the maximum be made, and the answer was given by 
0.05 max. . : . . . . ; . . 
Cu cdma’ Rudolf Diesel himself. In fact, in that answer is to be found 


Physical Properties 
Atomic Weight 
Color: 
Solid 
General Characteristics 


Melting Point, 
Boiling Point (760 mm) 
Density at 97.6 C 
Liquid 
At 97.6 C 
At 880 ¢ 
Electrical Conductivity, 1 
At 250 C 
Thermal conductivity, cal/cm/sq cm/sec: 
At 100 C 
Heat of vaporization, 


ohms 


ciprocal 


Heat of fusion, cal/gram 


Vapor pressure, mm of hg: 
At 300 C 
At 797.4 C 


of Sodium 


23.00 


Silvery White 
Soft and ductile at ordinary 
temperatures 


97.6 C (207.7 F) 
880 C (1616 F) 
0.9519 
0.9287 
0.7414 


4 
6.7113 X 10 


cal/gram at 880 C: 


one of the elements of an injection engine that makes it a 
diesel engine and, without which, it is not a diesel engine. 

In his book “The Rational Heat Motor,” Diesel in 1894 
reported superior results to be expected from operation of an 
internal-combustion engine by feeding fuel into air after 
enough compression to produce a temperature higher than 
needed for ignition, and then graduating the fuel feed so that 
the combustion pressure would not rise above the compression 
value. The compression pressure would thus be the maximum 
pressure, and this need be no higher than necessary to produce 
ignition, though it might be made higher than ignition re- 
quirements if a higher efficiency were desired. Graduated 
introduction of fuel to effect such pressure control was stated 
to be an essential element of Diesel’s idea. This is the means 
whereby the maximum pressure is to be controlled to not 
exceed the compression value. 

Excerpts from the paper: “The Automotive Diesel Engine,” 
by C. E. Lucke, professor of mechanical engineering, Colum 
bia University, presented at the Metropolitan Section Meeting 
of the Society, New York, N. Y., Feb. 15, 1940. 
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Performance of 


ircraft Spark-Ignition Engines 


with Fuel Injection 


By Oscar W. Schey 


Mechanical Engineer, National Advisory Committee for Aeronautics 


UEL injection offers two main advantages over 

the carburetor: Low volatile fuels (safety 
fuel), which reduce the fire hazard, can be used; 
and the combustion chamber can be scavenged 
without the loss of fuel by the use of large valve 
overlap. Other advantages are improved starting, 
acceleration, maneuverability, and distribution of 
fuel, as well as freedom from icing. 


The National Advisory Committee for Aeronau- 
tics has investigated the factors influencing the in- 
jection of fuel into the engine cylinder. This in- 
vestigation included the time of start of injection, 
the length of the injection period, the location of 
the fuel-injection valve in the cylinder, the rate 
of fuel injection, the type of fuel spray, and the 
maximum injection pressure. Tests were con- 
ducted on cylinders with two and four valves hav- 
ing pent-roof, disc, and spherical combustion- 


_chamber forms. The performances of a modern 


air-cooled cylinder fitted with a carburetor, a fuel 
system injecting into the manifold, and a system 
injecting into the cylinder were investigated. Tests 
with different pumps and injection valves, with 
gasoline and with four safety fuels of different 
volatility, and with and without valve overlap. 
also were made. 


HE National Advisory Committee for Aeronautics has 

conducted a large number of tests on single-cylinder 

engines using fuel injection and spark ignition. The 
object of these tests was to determine the effect of the many 
variables involved so that it would be possible to specify the 
conditions which would give the best performance with fuel 
injection. A further object of the tests was to determine the 
relative merits of different methods of mixing the fuel and 
the air. The tests conducted may be summarized generally 
as including: air-cooled and liquid-cooled engines; various 





{This paper was presented at the Detroit Section Meeting of the Society, 
Detroit, Mich.. Nov. 20, 1939; and at the National Aeronautic Meeting of 
the Society, Washington, D. C.. March 14, 1940.) 


shaped combustion chambers; different types of injection 
valves and nozzles; different fuel-injection pumps and differ- 
ent types of pumps; a large number of locations for the injec- 
tion valve; a large variation in valve-opening pressure; the 
scavenging of the clearance volume by the use of valve over- 
lap; the comparative performance with safety fuel and gaso- 
line; and the comparative performance obtained using mani- 
fold injection, cylinder injection, and a carburetor. 

The National Advisory Committee for Aeronautics is inter- 
ested in making available any information that will aid in the 
selection of the best system of mixing the fuel and air for the 
engines of our civil and military airplanes. The purpose of 
this paper is to present the results obtained in tests at the 
Committee’s laboratory. 


Description of Equipment 


Practically all of the tests were made with single-cylinder 
test engines. The engine was connected directly to an electric 
dynamometer equipped with scales for measuring the engine 
wwrque. The fuel consumption and the engine speed were 
obtained with standard test-engine equipment. 

The first tests with fuel injection were made with the Uni- 
versal test engine, which is water-cooled and has a 5-in. bore 
and a 7-in. stroke. The compression ratio, the valve lift, and 
the timing of the different valve events can be varied indepen 
dently on this engine. The carburetor generally used with the 
engine was left in place, and the throttles were used for con 
trolling the air supply for starting. A Roots supercharger 
driven by an electric motor supplied air at manifold pressures 
greater than atmospheric. The combustion chamber of this 
engine is similar to that of the Allison type shown in Fig. 1-A. 
It is a pent-roof chamber and is fitted with two intake and 
two exhaust valves. Three spark-plug or injection-valve holes 
are provided; the top one is centrally located with respect to 
the valves and the other two are located on each side between 
the intake and the exhaust valves. The engine was designed 
for operating at speeds from 1200 to 1800 rpm. 

The second engine used in this investigation was designed 
to operate at speeds up to 2200 rpm. The engine had an 
Allison type head, as shown in Fig. 1-A. It was fitted with 
two intake and two exhaust valves. Five spark-plug or injec- 
tion valve holes were provided, three of which were located 
the same as in the first head; one of the additional holes was 
located between the exhaust valves and the other was located 
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between the inlet valves, as shown in Fig. 1-A. No method 
was provided for varying the compression ratio or the valve 
timing except by changing the piston or the cams, respectively. 
The engine had a 5'4-in. bore and a 6-in. stroke. 

The tests on this engine were followed by tests on a high- 
speed engine having a disc-type combustion chamber fitted 
with two inlet and two exhaust valves as shown in Fig. 1-B. 
The head was provided with five spark-plug holes located as 
shown in Fig. 1-B. Note that the location of these holes is the 
same as shown for the Allison-type cylinder head. This engine 
was provided with independent means for varying the com- 
pression ratio, but the timing of the valve events could be 
varied only by using different cams. A special feature of this 
engine was the balancing mechanism that made it possible to 
operate at speeds up to 3000 rpm. 

An NACA cylinder was used on the fourth engine with 
which fuel-injection tests were made when using valve over- 
lap. This cylinder has the same combustion-chamber shape 
and inside dimensions as the Pratt & Whitney 1340-H cyl- 
inder. The wall thickness and fin dimensions of the NACA 
cylinder are different from those of the 1340-H_ cylinder 
because the NACA cylinder was designed for high-output 
cooling tests. The NACA cylinder has a spherical-type com- 
bustion chamber (Fig. 1-C) and has one intake and one 
exhaust valve. A special injection-valve hole was drilled in 
the cylinder head slightly above the front spark-plug hole at 
an angle of 35 deg to the axis of the cylinder bore. The 
engine had a bore of 5% in. and a stroke of 6 in. 

A modification of the Pratt & Whitney 1340-H cylinder was 
used on the fifth engine. The bore and the stroke of the 
engine were 5% in. and 6 in., respectively. 

The final engine tested was equipped with a Wright 1820-G 
cylinder. The cylinder was mounted on the Universal test- 
engine base for all tests except for a part of the tests with 
safety fuel, when it was mounted on a standard 1820-G crank 
case. This cylinder on the Universal test engine was operated 
at a 7.4:1 compression ratio and with a 7-in. stroke as com 
pared with 6.48:1 compression ratio and 67-in. stroke on the 


standard 1820-G crankcase. The head of the cylinder has a 
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spherical combustion chamber, and the injection valve was 
located just above the cylinder barrel between the rear spark 
plug and the intake port, as shown in Fig. 1-E. The inlet 
port of this cylinder is at a different angle than that of the 
1340-H cylinder, which also has a spherical combustion cham- 
ber; this difference has a large effect on the turbulence of the 
air in the cylinder, as will be discussed later. 


Pump Types Investigated 

Four fuel-injection pumps were used in this investigation; 
three, the Compur, the Bosch, and the Eclipse, were of the 
plunger type, and the fourth was a diaphragm type of NACA 
design. The Compur and the Eclipse are single-cylinder 
pumps, and the Bosch is a two-cylinder pump altered by 
means of a special pump shaft and Y connection through 
which both cylinders discharge at the same time. When 
plunger-type pumps were used with gasoline, it was found 
advisable to add 0.5% of a high-grade light oil to the fuel to 
prevent sticking of the pump plunger. The use of oil in the 
gasoline eliminated the trouble and had no measurable effect 
on power or fuel consumption; nor did this small amount 
impair the anti-detonating qualities of the fuel. The use of 
oil in the gasoline also prevented the sticking of the lapped 
valve stems. No oil was added when operating with safety 
fuel. 

The special diaphragm pump was desiged to obtain a pump 
ol cheap construction and low maintenance cost. The pump 
functioned satisfactorily and was operated at discharge pres- 
sures up to 1200 lb per sq in. The pump had no lapped sur- 
faces; consequently no leakage or galling was experienced as 
with plunger-type pumps. As the stroke is very short, difh- 
culty probably would be experienced in adjusting the dis- 
charge from several pumps so as to obtain uniform distribu- 
tion to all cylinders. 

Four injection valves were used in the tests: an NACA 
spring-loaded automatic injection valve (Fig. 2-A); an Eclipse 
valve; a special manifold injection valve developed by the 
Army Air Corps (Fig. 2-B); and a diaphragm valve (Fig. 
2-C). The NACA spring-loaded automatic injection valve 
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was set for a valve-opening pressure of 2000 lb per sq in. The 
valve developed by the Army Air Corps was centrally located 
in the intake pipe about 7 in. from the intake valve with fuel 
spray directed against the air stream, as recommended by the 
Materiel Division.’ This valve had an opening pressure of 300 
lb per sq in. 

A special diaphragm valve was designed to obtain a valve 
of simpler construction than the conventional valve with 
spring and lapped stem. A sketch of this valve with an en- 
larged view of the diaphragm is shown in Fig. 2-C. The 
valve is of very simple construction because the diaphragm 
replaces the spring and the stem of spring-loaded valves. In 
tests, the performance obtained with this valve was equal to 

1 See SAE Transactions Vol. 30, March, 


1935, pp. 77-88: “Fuel Injec- 
tion as Applied to Aircraft Engines,” by J). F. C 


ampbell. 
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START OF INJECTION, CRANK DEG. 


Fig. 3 — Effect of start of injection on bmep and specific fuel 
consumption for four combustion chambers 


that of spring-loaded valves and, as there were no rubbing sur- 
faces, no galling occurred. 

The Compur pump, in conjunction with an NACA spring- 
loaded automatic injection valve and a multi-orifice nozzle. 
was used in obtaining test results presented for water-cooled 
engines. A sketch of the multi-orifice nozzle is shown in 
Fig. 2-A. Preliminary tests were made on the Universal 
engine with a helically grooved stem and a plain orifice 
nozzle, a multi-orifice nozzle, a slit nozzle, an impinging jets 
nozzle, a diaphragm nozzle, and a lip nozzle in conjunction 
with the Compur pump to determine which arrangement 
gave the best performance and economy. The slit nozzle js 
shown in Fig. 2-A. . 

Tests were made on the 1820-G cylinder with the Bosch, 
the Compur, and the Eclipse pumps and with the multi- 
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Fig. 4— Effect of start of injection on bmep and specific fuel 
consumption for several nozzles and two _ injection-valve 
locations 


orifice, the slit, and the Eclipse nozzles, to determine the effect 
of each on performance and economy. The tests to determine 
the comparative performance with different methods of mix 
ing the fuel and the air were made on this cylinder. In the 
carburetor tests, a Stromberg NAL-5 carburetor modified by 
installing needle valves in the main jets to regulate the fuel 
flow was used. With cylinder injection, the NACA spring 
loaded automatic injection valve and the Eclipse valve were 
used. With manifold injection, the valve shown in Fig. 2-C 
was used. With both cylinder and manifold injection, the 
Compur pump was used. 

Fuel-injection tests on the modified 1340-H and NACA 
cylinders were made using the Eclipse pump and injection 
valve. The valve locations are as shown in Fig. 1. 
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The tests reported in this paper were conducted over a 
period of several years, during which time the quality of fuels 
was being improved constantly. The following is a list of the 
engines tested followed by the Army Air Corps octane number 


of the gasoline used and date of tests: 
Engine Octane number of fuel Date 


Universal test engine 


73 1931-1932 
Allison test engine 87 1932-1933 
High-speed test engine 87 1935 
Wright 1820-G cylinder 100 1935 
Modified Pratt & Whitney 
1340-H cylinder 100 1937-1938 
NACA cylinder 100 1938-1939 


Sufficient ethyl fluid was added to the gasoline, when neces 
sary, to suppress audible knock. 
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Fig. 5 — Effect of start of injection on bmep and specific fuel 
consumption for three pumps 


Kifect of Start of Injection 
The curves in Figs. 3, 4, 5, and 6 show that the start of 
injection for maximum power and minimum specific fuel 
consumption for different types of combustion chamber, dit 
ferent nozzles and nozzle locations, different pumps, and 
several valve-opening pressures should be between 60 and go 
crankshaft deg after top-center on the suction stroke. These 
curves also show that, for each of these conditions, there is a 
range for start of injection of approximately 100 crankshaft 
deg in which there is only a small change in power or fuel 
consumption. Although the data of Figs. 3, 4, 5, and 6 do not 
extend much before top-center, for any of the combustion 
chambers or injection conditions, the shape of the curves 
indicates that the start of injection may be advanced to earlier 
than top-center with very little falling off in power or in 
crease in fuel consumption. The curves in Fig. 3 are shown 
only to illustrate the effect of start of injection on the per- 
formance with different types of combustion chambers. They 
cannot be used as an index for evaluating combustion-chamber 
performance since the tests were made with different com 
pression ratios and standard and overlap valve timing. 

Fig. 7 shows the rate of air inducted from top center to 
bottom center as computed from a low-pressure indicator card 
for the 1820-G cylinder. Comparison of Figs. 3, 4, 5, and 6 
with Fig. 7 leads to the general conclusion that maximum 
power and best economy are obtained when the fuel-injection 
period occupies that part of the cycle preceding the point at 
which the combustion air is being inducted at the maximum 
rate. The tests with the different combustion chambers and 
different injection conditions show that any deviation from 


this general conclusion is verv small. Apparently, the high 
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Fig. 6— Effect of start of injection on bmep and specific fuel 
consumption for three valve-opening pressures 


air movement obtained when the air induction rate 1s a max1 
mum results in good mixing of the fuel and air 

With a start of injection later than 120 crank deg after 
top-center, there was a large difference in economy and power, 
depending on the type of combustion-chamber and the injec- 
tion condition used. For instance, with a start of injection of 
240 crank deg after top-center the power of the 1820-G cyl 
inder is 88% of the maximum power as compared with 19% 
for the NACA cylinder. (See Fig. 3.) Since mixing of the 
fuel and air is much better with late injection in the 1820-G 
cylinder than in the NACA cylinder, it is apparent that the 
air flow obtained in the 1820-G cylinder is the most conducive 
to rapid mixing of the fuel and the air. The ratio between 
maximum power and power with the same late start of in- 
jection might be used as an index in comparing turbulence of 
different combustion chambers owing to the fact that power 
output with late start of injection is greatly dependent on the 
turbulence of the cylinder. 

Tests conducted with the NACA cylinder showed that the 
optimum start of injection for an engine speed of 2100 rpm 
was 40 crank deg earlier than for a speed of 1500 rpm. The 
loss in power, however, in using the best start of injection for 
a speed of 1500 rpm at a speed of 2100 rpm would not be 
over 2%. There is some indication that maximum economy 
may be obtained with slightly earlier injection than for maxi- 
mum power. 


Length of the Injection Period 


An examination of the results obtained in these tests leads 
to the general conclusion that the length of the injection 
period giving the maximum power and the minimum fuel 
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Fig. 7 — Rate of air induction 
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consumption is dependent on the shape of the combustion 
chamber, to the extent that the shape affects the air flow and 
the turbulence in the cylinder. In the tests on the Allison 
engine with the pent-roof type of chamber, very good results 
were obtained with the Compur pump which had an injection 
period varying from 74 to 93 crank deg for engine speeds 
from 1500 to 2200 rpm. The length of injection period and 
the rate of discharge obtained with this pump at three speeds 
are shown in Fig. 8. Additional tests made of this engine 
using a longer injection period, 150 to 200 crank deg, resulted 


‘in higher fuel consumption and lower power. Tests were also 


conducted on the Universal test engine with the Compur 
pump and another pump having an injection period of 30 
crank deg. For other tests on the Universal test engine, in 
which the fuel was injected at practically the same rate at 
which the air was inducted, the fuel consumption was high 
and the power low. The results of the tests of the Universal 
and Allison engines indicated that good power and economy 
could be obtained when the length of the injection was from 
approximately 60 to go crank deg. 

In the tests of the 1820-G cylinder, which has a spherical 
combustion chamber and turbulent air flow, better results 
were obtained with a shorter injection period than was used 
for either the Allison or the Universal engine. The rates of 
discharge and the lengths of the injection periods obtained 
with the three pumps used on this engine are shown in Fig. 9. 
The curves in Fig. 5 showed that slightly better fuel consump- 
tion was obtained with the Bosch pump, which had an injec- 
tion period of 40 deg, than with either the Eclipse or the 
Compur pumps, which had injection periods of approximately 
57 and 47 crank deg, respectively. Good power and economy 
are obtained on the 1820-G cylinder with a late start of injec- 
tion and with a short injection period. Both of these con- 
ditions indicate that the air flow in this cylinder is conducive 
to rapid mixing of the fuel and air. 

The foregoing results indicate that, if the air flow is not 
conducive to good mixing, the injection period should be 
lengthened so that the fuel will come in contact with a larger 
percentage of the air as it enters the combustion chamber. 
With very turbulent air flow, the results show a slight gain 
when using a high rate of fuel injection and relying on the 
turbulence of the chamber for the mixing of the fuel and 
the air. 


Location of the Injection Valve 


A large number of tests have been made to determine the 
best location for the fuel-injection valve. The first tests were 
made with the Universal test engine having a pent-roof com 
bustion chamber and three spark-plug or injection-valve holes 
located as previously described. Tests were made of this 
engine when using a carburetor to determine the effect of 
spark-plug location on performance, and this effect was con 
sidered in interpreting the results on the injection-valve loca 
tions. The best results were obtained when the injection valve 
was located in the top hole. This hole is located centrally 
with respect to the two intake and the two exhaust valves. 

The second engine used in tests to determine the effect of 
injection-valve location was the one with the Allison-type 
combustion chamber shown in Fig. r-A. This chamber is of 
the same type and construction as the one on the Universal 
test engine, but five spark-plug or injection-valve holes are 
provided instead of three as on the Universal test engine. The 
best results were obtained with this chamber when the injec 
tion valve was located between the two exhaust valves (a 
location not provided on the Universal test engine) and the 
spray directed toward the inlet valves. The results obtained 
with the injection valve located in the top hole were only 
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slightly inferior to those obtained with the valve between the 
two exhaust valves. Locating the injection valve between the 
two inlet valves gave poorer results than when located in 
either of the other two positions. 

There is very little choice for the location ot the injection 
valve on the 1820-G cylinder for structural reasons. Of the 
limited number of locations that could be tried and be struc- 
turally safe, a point between the rear spark plug and the inlet 
valve gave the best results. Based on the remarkably good 
performance obtained (Figs. 3, 4, 5, and 6), it is believed that 
any other location for the injection valve in the 1820-G cyl 
inder would not greatly improve the performance. It is also 
reasonable to believe that, with the injection valve located 
either directly below the exhaust valve and spraying across 
the chamber or in the top of the chamber, equally good re 
sults should be obtained. 

The tests of the engine with the Allison-type head showed 
best results when the injection valve was located so that the 
spray was directed against the incoming air. Although no 
tests were made of the Universal test engine with the valve 
located in this position, it would be expected that such a loca 
tion would also give best results with this engine. The fact 
that the 1820-G cylinder gives excellent results even though 
the spray is not directed against the incoming air is probably 
due to the turbulence set up in this chamber. 


Effect of Nozzles on Performance 


The comparative tests of the Universal test engine with a 
helically grooved stem and with a plain orifice nozzle, a 
multi-orifice nozzle, a slit nozzle, an impinging-jets nozzle, 
a diaphragm nozzle, and a lip nozzle showed that best results 
were obtained with the multi-orifice and the diaphragm 
nozzles. Very good results were also obtained with the 
impinging jets and slit nozzles. The best results were ob 
tained on the multi-orifice and the slit nozzles when the fuel 
was sprayed in a horizontal plane across the chamber. Several 
multi-orifice nozzles were tried with various size holes and 
different numbers of holes, but the best results were obtained 
with the multi-orifice nozzle shown in Fig. 2-A, which has 
seven holes of diameters from 0.006 to 0.010 in. 

Several sizes of multi-orifice and slit nozzles were tried on 
the 1820-G cylinder, and the slit nozzle and the multi-orifice 
nozzle shown in Fig. 2-A gave best results. The slit nozzle 
gave a fan-shaped spray, and the best multi-orifice nozzle was 
the same one that gave best performance on the Universal 
test engine. Tests were then made of the 1820-G cylinder 
with the slit nozzle of Fig. 2-A spraying the fuel in a hori 
zontal plane at two injection-valve locations; with the slit 
nozzles spraying the fuel in a vertical plane; with the multi- 
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Fig. 8—Length of the injection period and the rate of dis- 
charge for three pump speeds 
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Fig. 9—Length of the injection period and the rate of dis- 
charge for the three pumps tested 


orifice nozzle of Fig. 2-A; and with the Eclipse nozzle of 
Fig. 2-B. The power and the economy obtained in these tests 
are shown in Fig. 4 which has been used previously to point 
out the effect of injection start with the several nozzles. A\l- 
though little difference in power and economy was obtained 
with any of the test conditions for a large range of crank 
angles, the slit nozzle spraying the fuel in a horizontal plane 
and located in the lower hole shown in Fig. 1-E generally 
gave the best results. 

In the foregoing tests of nozzles, gasoline was used and the 
results obtained cannot be taken as applying to safety fuel. 
The results obtained with safety fuel will be presented later 
in the report. It should be noted that the slit nozzle, which 
gave good results on the 1820-G engine, did not give very 
good performance on the Universal or the Allison engine. Ap- 
parently, for the less turbulent combustion chambers, such as 
the Allison and Universal, a nozzle of the multi-orifice type 
which proportions the fuel throughout the chamber is neces- 
sary to obtain the best performance. 


Effect of Valve-Opening Pressure 


Fig. 6 has been used previously to illustrate the effect of 
start of injection on performance for three valve-opening 
pressures, 1000, 2000, and 3000 lb per sq in. Very little 
change in power and economy was noticed for any pressure 
over a large range of injection starting angle. In addition, 
Fig. 6 shows that, with early injection, there is practically no 
difference in power or fuel consumption with the three pres 
sures. With very late injection, better results were obtained 
with the higher injection pressures. With the start of injec- 
tion 60 to 70 crank deg after top-center on the suction stroke, 
the maximum power is the same regardless of the injection 
pressure and the specific fuel consumption is only 0.02 lb per 
bhp-hr better with the highest injection pressure than with 
the medium or the low pressures. For the tests comparing 
performance with a carburetor and fuel injection, a valve 
opening pressure of 2000 lb per sq in. was used because 
excessive leakage past the pump plunger was obtained with 
3000 lb per sq in. valve-opening pressure. Gasoline was used 
to obtain the results shown in Fig. 6. 

Although, in the foregoing tests, high injection pressures 
were used, results obtained on the Universal test engine with 
a valve-opening pressure of 800 lb per sq in. and with gasoline 
as the fuel were, for practically all of the conditions, equal to 
the results obtained with high injection pressures. In addi- 
tion, tests have been conducted, as mentioned previously, on 
the 1820-G engine with the Eclipse nozzle with a valve-open- 
ing pressure of 300 lb per sq in. with results practically as good 
as with other nozzles at high injection pressures. With low 


AIRCRAFT ENGINES WITH FUEL INJECTION 171 


injection pressures, stresses on the pump will be low and it 
will have a longer life; leakage past the pump plunger also is 
reduced. 


Carburetor and Fuel Injection Compared 


The comparative performance obtained with carburetor, 
cylinder injection, and manifold injection on the 1820-G cyl- 
inder is shown in Fig. 10. When either manifold or cylinder 
injection was used, the carburetor was replaced by a straight 
intake pipe, containing a single butterfly valve for throttling 
the engine in order to avoid as much as possible penalizing 
the fuel-injection performance with the pressure drop that 
occurs in the carburetor. With cylinder injection, the valve 
and slit nozzle (Fig. 2-A) were used. It was assembled to 
direct the fuel spray in a horizontal plane across the combus- 
tion chamber. The injection period of the Compur pump 
used in both the cylinder and the manifold-injection tests, as 
previously mentioned, varied from 45 to 100 crank deg de 
pending upon the fuel quantity, the pump speed, and the 
pump-discharge pressure. 

The performance with each of these three methods of mix 
ing the fuel and the air was determined at 1500 and 1900 
rpm over a range of fuel-air ratios in which the mixture ratio 
was leaned from o.ro to the limit of stable operation. The 
spark timing was adjusted to give optimum performance for 
each test condition. Fig. 10 shows that, except at low speeds, 
the mean effective pressure closely follows the volumetric 
efficiency. The highest mean effective pressures are obtained 
with cylinder injection, owing to the increased volumetric 
efficiency. With the fuel injected into the cylinder, the volu- 
metric efficiency increases appreciably as the engine speed is 
increased to 1900 rpm; whereas, a decrease in volumetric 
efficiency at speeds over 1600 rpm is obtained when the car 
buretor is used. At 1g00 rpm the volumetric efficiency with 
fuel injected into the cylinder is 92.5% as compared with 
86% for the carburetor. 

The increased charge that can be obtained with fuel injec- 
tion into the cylinder is an important advantage and should 
be utilized to the maximum practicable limit. Large mani- 
folds obviously can be used, but the size of the intake valve 
is limited by structural requirements and by the requirement 
of sufficient velocity through the ports to create the turbulence 
necessary in the mixing of the fuel and the air and to assist 
in the propagation of the flame. The velocity requirement 
would apply only to slow-speed engines or to sleeve-valve 
engines having very large intake ports or valve-opening areas, 
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Fig. 10 -Comparative performance at various fuel-air ratios 
with three methods of mixing the fuel and the air 
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Fig. 1! - Comparative engine cooling with three methods of 
mixing the fuel and the air 


because the modern high-speed poppet-valve engines, even 
with very large intake valves, obtain sufficient velocity through 
the valves to give the necessary turbulence. When manifold 
injection or a carburetor is used, higher manifold velocities 
are necessary to mix the fuel and the air and to prevent 
separation and condensation; these methods must therefore 
offer some restriction to the free flow of the air. When tuel 
injection into the manifold is used, this restriction on a well- 
proportioned induction system is less than with a carburetor. 

As shown in Fig. 10, the minimum specific fuel consump- 
tion for each method of mixing of the fuel and the air is the 
same. The engine equipped with a carburetor ran more 
smoothly on a leaner mixture at all speeds than with either 
of the other methods of mixing. 

In addition to this result, it was found that little, if any, 
improvement in specific fuel consumption could be obtained 
by operating with mixtures leaner than fuel-air ratios, 0.067 — 
0.063. On the basis of these tests it is believed that, if a 
perfectly homogeneous mixture could be obtained, there 
would be no gain in economy by using mixtures leaner than 
the chemically correct one for an engine of high output. 
When good mixing and distribution are obtained and higher 
output is essential, as in military engines, there is no reason 
for operating with a deficiency in either fuel or air. A de- 
ficiency in air results in wasted fuel and a deficiency in fuel 
results in wasted air, which is also objectionable, especially on 
a highly supercharged engine. In practice, however, particu- 
larly on multicylinder engines, perfect mixing and distribution 
are not obtained and, as a result, the minimum specific fuel 
consumption is obtained with mixtures slightly leaner than 
the chemically correct mixture. A comparison of tests from 
a large number of full-size engines with the present single- 
cylinder engine tests has shown that there is little difference, 
if any, in the minimum indicated fuel consumption. The 
minimum fuel consumption for the multicylinder engine is 
obtained, however, with a slightly leaner mixture than for the 
single-cylinder engine. 

The engine equipped with fuel injection into the manifold 
required the richest mixture for smooth running. The differ- 
ence in mixture strength required for smooth operation with 
the carburetor and with fuel injection into the cylinder was 
less at low speeds than at high speeds. 

Methods have been. derived? whereby the cooling of cyl- 
inders may be compared by plotting the ratio of the difference 
between the cylinder and the cooling-air temperature to the 





2See NACA Technical Report No. 612, 1938: ‘‘Heat-Transfer Processes 
in Air-Cooled Engine Cylinders,” by Benjamin Pinkel. 

3See NACA Technical Renort No. 645, 1939: “Correction of Temperz- 
tures of Air-Cooled Engine Cylinders for Variation in Engine and Cooling 
Conditions,” by Oscar W. Scher, Benjamin Pinkel, and Herman H 
Ellerbrock, Jr. 


difference between the gas and cylinder temperatures against 
the ratio of the indicated horsepower squared to the pressure 
drop across the cowling or jacket around the cylinder. For 
normal operating conditions, a value of 1150 F may be used 
for the gas temperature for the head of a cylinder and 600 F 
for the barrel?» *. The temperature ratios for the head and 
the barrel of the 1820-G for the three methods of mixing the 
fuel and the air are shown in Fig. 11 plotted against /*/Ap. 
The curves are for tests made over a range of engine speeds 
with each fuel system, fuel-air ratio being constant at 0.08. 
These curves show that the cylinder-temperature data for the 
three methods of supplying the fuel to the engine fell on a 
single curve, indicating that, for the same engine and cooling 
conditions, the cylinder temperature for all three methods will 
be the same. 


Scavenging and Valve Overlap 


The weight of charge inducted by an engine and the power 
required to supply this charge are important characteristics of 
the engine and, among other factors, depend on how the 
engine is scavenged. In the four-stroke-cycle engine with 
conventional valve timing, only the exhaust gases in the dis 
placement volume are forced out of the cylinder on the 
exhaust stroke. Consequently, the engine cannot induct, with 
the same pressure at inlet and exhaust, a charge of greater 
volume than the displacement volume of the engine; whereas, 
if the clearance volume could also be scavenged, the engine 
could induct a charge equal to the displacement plus the 
clearance volume. The ratio of engine power with complete 
scavenging to that with normal scavenging should be equal 
to the ratio of the volumes of the charge or r/(r — 1), where 
» is the compression ratio. Scavenging results in a large in 
crease in charge weight at all compression ratios compared 
with no scavenging of the clearance volume; but the gain at 
a low compression ratio is much greater than at a high ratio, 
amounting to a 25% increase at a compression ratio of 5 com 
pared with an increase of 12'4% at a compression ratio of 9. 

The conditions are ideal in a four-stroke-cycle engine for 
the removal of all the dead gases with the minimum wasting 
of fresh air by using a large valve overlap and a small differ 
ence in pressure between the intake and the exhaust. The 
scavenging of the clearance volume takes place when the 
piston is at the top of the stroke and the volume to be 
scavenged is a minimum. At low and moderate boost pres 
sures, a large increase in charge weight can be obtained at 
small cost in supercharger power. The carburetor can be 
replaced with a fuel-injection system so that the time of inject 
ing the fuel can be controlled and thus any wasting of the 
fuel during the scavenging process can be prevented. The 
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Fig. 12 — Effect of manifold pressure on bmep with and with- 
out valve overlap 
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— ALLISON The high-speed engine, which had a disc-type combustion 
——— 1340-H chamber, compared with the pent-roof type of the Allison and 
—— UNIVERSAL Universal engines, gave satisfactory scavenging of the clear 











mw ff W 








8) ‘ S 
120 BC. 240 300 T.C. 60 


CRANK POSITION 


120 BC. 240 


VALVE OPENING AREA, SQ. IN. 


Fig. 13 - Valve timing diagrams for three engines 


scavenging of the clearance volume without loss of fuel, when 
using a conventional carburetor and conventional valve tim- 
ing, would be almost impossible. It has been reported that 
in France an investigation is being made to determine the 
improvement in engine performance to be gained by scaveng- 
ing the clearance volume of four-valve engines when using a 
carburetor. In these tests, only one of the intake valves that 
supply fresh air is timed to give overlap, the other valve that 
supplies an overrich mixture either has conventional timing or 
opens after the scavenging process has been completed. If as 
good scavenging can be obtained with overlap on one inlet 
valve as with overlap on both valves, the method being inves- 
tigated should offer a practicable solution for scavenging the 
clearance volume without fuel loss when using the carburetor. 

The Universal test engine was used in the first valve over- 
lap test conducted by the Committee. In these early tests* a 
bmep of 178 lb per sq in. and a fuel consumption of 0.51 Ib 
per bhp-hr with 112 deg of overlap and fuel injection were 
obtained as compared with a bmep of 145 lb per sq in. and a 
fuel consumption of 0.54 lb per bhp-hr tor the carbureted 
engine with no valve overlap. These tests were made at a 
compression ratio of 5.5:1, a boost pressure of 2 in. hg, and 
an engine speed of 1500 rpm. These early scavenging tests 
gave such encouraging results that the investigation was ex- 
tended to engines having higher speeds and different com- 
bustion-chamber forms. 

The second engine operated with valve overlap had the 
Allison type combustion chamber with a compression ratio of 
5-85:1. Tests were made of this engine to determine the 
effect of reduced exhaust back pressure on the volumetric 
efficiency when operating with valve overlap. Inasmuch as 
the tests included speeds up to 2200 rpm, as compared with 
a speed of 1500 rpm for the Universal test engine, the valve 
overlap was increased to 130 crank deg. The results of tests 
with atmospheric pressure at the intake and 8 in. hg below 
atmospheric pressure at the exhaust and with varying engine 
speed showed that the volumetric efficiency increased at a 
greater rate than the power, indicating a large waste of air 
during the scavenging process. With the exhaust pressures 
from 3 to 5 in. hg lower than the intake pressure, the increase 
in coleannetaic efficiency was practically equal to the increase 
in power, indicating that very little of the fresh air was 
wasted. Thus, with approximately the same scavenging pres- 
sure difference, it was found that the 18 deg additional overlap 
used on the Allison engine was sufficient to scavenge com- 
pletely the clearance volume at the high speeds used. 

‘See NACA Technical Note No. 406, 1932: “The Use of Large Valve 
Overlap in Scavenging A Supercharged Spark-Ignition Engine Using Fuel 
Injection,” by Oscar W. Schey and Alfred W. Young. 


ance volume with 2 to 5 hg pressure difference when 
operating with a valve overlap of 130 deg at an engine speed 
of 1800 rpm. Tests with 150-deg overlap on this engine gave 
no improvement in performance over that obtained with 130 
deg. Apparently the difference in combustion-chamber shape 
has no appreciable effect on the scavenging with valve overlap. 

The results of tests made on the modified 1340-H cylinder 
with valve overlap showed that equally good scavenging could 
be obtained with either 120-deg or 140-deg overlap. The 
comparative performance of this cylinder with and without 
overlap for boost pressures up to 16 in. hg and an engine 
speed of 2100 rpm is shown in Fig. 12. The difference in 
bmep between overlap and no overlap increases with boost 
pressure up to 8 in. hg, indicating that higher boost pressures 
are required for scavenging this form of combustion chamber 
than for the other chamber forms tested. A large increase in 
bmep is obtained, but not so great as that obtained with the 
other chambers. The curves in Fig. 13 show the valve time 
area diagrams for the Universal, the Allison, and the 1340-H 
test engines. The area common to both the exhaust-valve and 
the intake-valve curves is called the “overlap” area. In a com 
parison of these overlap areas, it will be seen that there is a 
large difference between the two-valve and the four-valve 
heads. The ratios of the areas of the Allison and the Uni- 
versal engines to the area of the 1340-H are 1.93 and 2.37, 
respectively. The size of these areas is an index of the 
amount of scavenging that can be obtained. As increasing 
this area on the 1340-H by increasing the overlap from 120 to 
140 deg did not improve the scavenging, the deficiency in 
scavenging on the 1340-H must be due to some other cause. 
Poor scavenging on two-valve engines is probably due to the 
air flowing directly from one port to the other without sweep- 
ing the clearance volume. 

The curves in Fig. 14 for the modified 1340-H cylinder 
show that considerably more power can be obtained with a 
maximum permissible cylinder temperature when scavenging 
the clearance volume than with no scavenging at a speed of 
2100 rpm. Thermocouple 29 is located at the rear of the 
cylinder head between the exhaust and rear spark plug; 
thermocouple 15 is located at the front of the cylinder head 
directly below the front spark plug. For operation at a maxi 
mum temperature of 500 F (thermocouple 29, Fig. 14), it is 
possible to increase the imep 19% or to increase the bmep 
26% by using valve overlap. Approximately 25% more power 
is obtained on this cylinder from the same fuel before knock 
starts with scavenging than with no scavenging at a speed of 


2100 rpm. When this cylinder was operated at an engine 
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Fig. 14-Effect of valve overlap on cylinder temperatures 
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Fig. 15—-Comparative performance of technical iso-octane 
and safety fuels 


speed of 1500 rpm, there was practically no difference in cyl- 
inder temperature with valve overlap or no overlap because of 
poor scavenging at low speeds. 

Tests on both the standard 1340-H and the NACA cyl 
inders were made using 120-deg valve overlap, but the power 
increases were not so great as those made on the modified 
1340-H cylinder. Neither had the use of valve overlap any 
appreciable effect on cylinder temperatures. It is believed that 
the improvement in power, and in cylinder cooling at 2100 
rpm, of the modified 1340-H cylinder is due to the type of air 
flow in the combustion chamber. 

The results of all tests made using fuel injection have 
shown that maximum power was obtained with the start of 
‘injection not earlier than 70 deg after top-center on the intake 
stroke. This fact is very important when using valve overlap, 
for which the exhaust valve closes not later than 70 deg after 
top-center on the intake stroke, because it is desirable to delay 
the injection of the fuel into the cylinder until the exhaust 
valve has closed. 

When valve overlap is used, a definite weight of charge can 
be inducted at a lower boost pressure than without overlap. 
Reduced boost pressure results in reduced supercharger power, 
less heating of the inlet air and, consequently, the use of a 
smaller intercooler. 


Idling with Valve Overlap 


A large amount of valve overlap will cause irregular run 
ning or even stalling of the engine at light loads and under 
idling conditions. This effect is due to the fact that the 
throttle valve is nearly closed and a low pressure exists in the 
intake manifold. During the period of valve overlap, exhaust 
gas is drawn from the exhaust manifold through the valves 
into the intake manifold. On the next intake stroke, some of 
this exhaust gas is drawn back into the cylinder, where it 
causes incomplete combustion or misfiring. 

There are several possible ways of overcoming this effect of 
large valve overlap. One method tried by the NACA is the 
placing of the air throttle close to the intake valve. The small 
space between the intake valve and the throttle is then the 
only part of the system that could possibly be at reduced 
pressure and, furthermore, enough air flows past the throttle 
valve during the part of the cycle when the intake valve is 
closed to bring the pressure of this small volume back to 
atmospheric. Consequently, no exhaust gas is drawn into the 





intake system, and idling is the same as with normal valve 
timing. This scheme has been tried successtully both on 
single-cylinder test engines and on a g-cyl Wasp engine fitted 
with a fuel-injection system and a special cam giving 130 deg 
of valve overlap. In the case of the Wasp engine, nine sepa- 
rate carefully synchronized throttles were required. It was 
found advisable to drill a small leakage hole through each 
butterfly valve. Then the throttles could be closed completely, 
and the leakage supplied enough air for smooth idling at 
about 400 rpm. 

The idling problem also might be solved by developing a 
means of varying the valve timing. For this purpose, a 
hydraulic tappet that can be shortened to increase the clear 


ance, and thereby decrease the overlap, has been suggested. 


Safety Fuel 


The importance of replacing gasoline with a fuel that will 
reduce or eliminate the fire hazard in aircraft has long been 
recognized. The use of gasoline is a fire hazard because 
inflammable vapors are given off in nearly all climates and 
seasons. Aviation gasoline has a flash point of about — 30 F. 
Those acquainted with the problem of fire prevention in air 
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Fig. 16— Distillation curves of fuels 


planes agree that the highly inflammable gasoline should be 
replaced by a fuel having a flash point preferably over 105 F. 
The curves in Fig. 15 show the results of tests conducted 
by the Committee on the 1820-G cylinder at 7.4:1 compression 
ratio to determine the comparati\ ~ engine performance when 
using technical iso-octane and safety fuel. The power output 
and the minimum specific fuel consumption for two of the 
safety fuels were the same as for iso-octane. The third safety 
fuel, which had a very high distillation temperature range, 
gave some reduction in power and high fuel consumption. 
The curves in Fig. 16 show the distillation of five fuels 
tested to determine the effect of fuel volatility on the power 
and fuel consumption. Fuel No. 1 has the same distillation 
temperature as aviation gasoline, whereas, fuels Nos. 2, 3, 4, 
and 5 have higher distillation temperatures and are referred 
to as safety fuels. The No. 3 fuel has a distillation tempera 
ture of 300 to 445 F and comes within the volatility range 
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that has been generally considered as satisfactory for safety 
fuels. The No. 2 fuel has a distillation temperature of from 
205 to 330 F and would be comparatively safe in cold climates 
and seasons. No lead was added to fuels Nos. 1 and 2; 1 cc 
of ethyl fluid per gal was added to safety fuel No. 3, and 2 cc 
of lead fluid per gal were added for safety fuels Nos. 4 and 5. 
Fuels Nos. 1, 3, and 5 were within limits of less than ro F of 
the same distillation temperature as those referred to in Fig. 
15. These fuels were supplied by The Texas Co. They were 
manufactured by the alkylation process described by Dr. Ray 
mond Haskell in a recent 1940 SAE Annual Meeting paper: 
“Alkylation as a Source of ‘Safety Fuels’.” 

The tests were made with each fuel at full-open throttle at 
engine speed of 1900 rpm for fuel-air ratios leaned from full 
rich to the leanest that would give steady running. These 
tests were made at a compression ratio of 6.48:1. Reducing the 
compression ratio from 7.4:1, as used for results in Fig. 15, to 
6.48:1 was a very desirable change in that it reduced to a 
maximum of 2 cc per gal the amount of ethyl fluid necessary 
tu suppress audible detonation. 


Fuel Performance Compared 


The brake and indicated mean effective pressures and fuel 
consumption obtained with each of the five fuels tested are 
shown in Fig. 17. The results show that increasing the distil 
lation of the fuel has only a negligible effect on the perform 
ance until the distillation temperature is higher than 350 to 
500 F. The distillation temperature at which the performance 
starts to fall off is approximately the same as the temperature 
of the cylinder head. 

The tests on the No. 4 fuel showed that good power and 
economy can be obtained with a fuel having a higher distilla 
tion temperature than the No. 3 fuel which has a distillation 
temperature that has been generally accepted as sufficiently 
high for all climates and seasons. In these tests the inlet air 
temperature varied between 80 and 100 F. If the inlet air 
temperature had been less, it is reasonable to believe that the 
difference in performance between No. 5 
fuels would have been greater. 


fuel and the other 
Likewise, it is reasonable to 
believe that, if the inlet air temperature had been higher, as 
on a supercharged engine, the difference in performance be 
tween the No. 5 fuel and the other fuels would have been less. 

The octane number of the No. 3 safety fuel with 2 cc of 
ethyl fluid per gal is 92 by the CFR Motor Method. With 
this octane number fuel it was possible to operate at a com- 
pression ratio of 6.48:1 without any audible knock and obtain 
a maximum imep of over 170 |b per sq in. and a minimum 
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indicated fuel consumption of 0.34 lb per hp-hr. For the 


short time that work on safety fuel has been in progress, the 
results are very encouraging. As safety fuel is in direct com 
petition with high-octane gasoline, it would be very desirable 
to obtain safety fuels having octane number equal to that of 
the best aviation gasoline. 

The flash point of the fuels as determined by the Pensky 
Martins closed-cup method is —27, 27, 100, 134, and 164 F 
for fuels Nos. 1, 2, 3, 4, and 5, respectively. Satisfactory per 
formance can be obtained with a safety fuel having a flash 
point of 134 F, which is appreciably higher than 105 F, which 
has generally been accepted as sufficiently high. The safety 
requirements can therefore be higher without any sacrifice in 
performance. 

The idling of the engine was satisfactory with fuels Nos. 1, 
2, 3, and 4, but with fuel No. 5 some difficulty was experienced 
with the engine stopping or cutting out, especially at low 
idling speeds. 

When safety fuel was used, better performance was ob 
tained with the multi-orifice nozzle than with the slit nozzle, 
indicating that it may be desirable to break up the spray more 
when using safety fuel than is necessary with gasoline. 

The results obtained with No. 3 safety fuel indicate that the 
minimum specific fuel consumption is slightly better with in- 
jection pressures of 2000 lb per sq in. than with injection pres- 
sures of 200 lb per sq in. Apparently, it is necessary to use a 
little higher injection pressure with safety fuel than with 
gasoline. 


Starting with Safety Fuel 


Starting with safety fuel is dificult with a cold engine, that 
is, when it has been standing over night at a temperature of 
50 to 60 F. The single-cylinder Allison engine has been started 
cold when motoring at 700 rpm with a compression ratio of 
5-85:1, but starting under these conditions is not satisfactory. 
In later tests on this engine, satisfactory starting was obtained 
by injecting a small quantity of gasoline into the intake mani- 
fold while the engine was being motored at speeds as low as 
120 rpm and while safety fuel was being injected into the cyl- 
inder. Immediately after the engine was started on gasoline, 
it would continue to run on safety fuel. This method of 
starting requires only the addition of a small gasoline tank, 
as the priming system is identical with the present priming 
system used on aircraft engines. On engines equipped with 
air starters, the starting fuel might be mixed with the starting 
air just before it is inducted. Both of these methods would 
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require the use of two fuels, but the supply of gasoline carried 
for starting would be very small. 

Propane gas also can be used for starting an engine which 
is to be run on safety fuel. A g-cyl radial engine having a 
fuel-injection system which supplied safety fuel was started as 
follows: 

A propane tank discharged through a reducing valve at 
approximately 6 in. of water pressure into copper tubing 
which was connected to the diffuser section of the engine 
through a '%-in. pipe fitting. Before attempting to start the 
engine, the propane was turned on for an instant to make 
sure the supply line was full. Then, at the moment of engag- 
ing the starter, the propane supply was again turned on. The 
air throttle was nearly closed. The engine would run immedi- 
ately and would start burning safety fuel in a few seconds. 
The engine was started successfully in this way after standing 
overnight at 28 F. At low temperatures the engine required 
a longer running period on propane before the safety fuel 
would burn. . 


General Comments 


The variable-compression engine with fuel injection and 
valve overlap is an ideal combination. The curves in Fig. 18 
show that high mean effective pressures can be obtained at 
low compression ratios with low explosion pressures. These 
curves have been obtained from a cross-plot of a large amount 
of engine data at different compression ratios and with differ- 
ent boost pressures with and without valve overlap. High 
mean effective pressures are necessary tor take-off. The high 
fuel consumption obtained at low compression ratios is un- 
objectionable because the take-off time is short. After take-off, 
when less power is required, the boost pressures can be re- 
duced and the compression ratio increased to obtain econom- 
ical operation. The fuel that is satisfactory for high compres- 
sion ratio and low boost will be satisfactory for high boost at 
low compression ratios. Scavenging results in the greatest 
gain in power at low compression ratios, where it is most 
needed on the variable-compression engine. 

From a power consideration it is more desirable to scavenge 
an engine using a turbo supercharger than one having a 
gear-driven supercharger or with no supercharger. For en- 
gines using turbo superchargers, the same gain in power is 
obtained at all altitudes up to the critical; whereas, the gain 
in scavenging clearance volume of an engine using a gear 
driven supercharger decreases with altitude, amounting at 
18,000 ft to one-half the. gain at sea level. The variation in 
the pressure difference across the valves when operating with 
free exhaust over a wide range of altitudes makes the selection 
of the best valve timing more difficult, for it must be a com- 
promise between inadequate scavenging at sea level and the 
wasting of fresh air at altitude. 

When a turbo supercharger is used on a highly super- 
charged engine, the scavenging of the clearance volume is 
essential to obtain maximum performance. The detrimental 
effect of back pressure is eliminated by scavenging, over- 
coming one of the principal objections to this type of super- 
charger. The use of a turbo supercharger, valve overlap, and 
fuel injection is an ideal combination. The higher the back 
pressure, the more important it is to scavenge the clearance 
volume. With a turbo supercharger the pressure difference 
across the valves will be practically constant, for which con- 
ditions complete scavenging can be obtained for all altitudes 
without wasting air. 

Excess scavenging is beneficial in that the valves and the 
combustion chamber are cooled. It is objectionable on a 


highly supercharged engine with tree exhaust because of the 
energy spent in compressing the air that is wasted. With a 
turbo supercharger excess scavenging is less objectionable than 
with a gear-driven supercharger for the air serves to reduce 
the temperature of the exhaust gas and thus reduce heat 
stresses in the turbine wheel. Furthermore, the compressed 
air in passing through the turbine returns part of the super 
charger energy, the amount depending on the turbine efh 
ciency. 

Although the tests of the single-cylinder engine showed that 
the fuel consumptions with fuel injection and the carburetor 
were the same, it is believed that the fuel consumption on 
multicylinder engines will be reduced with fuel injection 
because of better distribution. This result is particularly true 
on in-line engines or engines having a large number of cy! 
inders. Campbell! has shown that well-designed fuel-injection 
systems give almost perfect distribution of fuel between cy] 
inders at engine speeds between 2000 and 3000 rpm; the 
variation at full load and part load is less than 1%. 

Tests on multicylinder engines have shown that better 
starting, acceleration, and maneuverability can be obtained 
with fuel injection. No difficulty will be experienced with 
icing when using fuel injection. 


Conclusions 


1. The performance with fuel injection is not critically sen 
sitive to the injection valve location, start of injection, or the 
length of the injection period. The best performance, how 
ever, is obtained with the injection valve located so as to direct 
the spray in a horizontal plane against the incoming air, with 
the start of injection from 60 to go crank deg after top-center 
on the suction stroke and with a length of injection period of 
from 40 to 80 deg. Varying the injection valve-opening pres 
sures from 300 to 3000 lb per sq in. gave no measurable change 
in performance. 

2. A combustion-chamber form having a large amount ot 
turbulence or highly disturbed air flow is very desirable as 11 
is the least sensitive to change in the injection system and it 
gives the best mixing of fuel and the air in the shortest time. 

3. The power output for each of three methods of mixing 
the fuel and the air follows the volumetric efficiency closely 
and is higher with fuel injection into the cylinder than with a 
carburetor or manifold injection. 

4. The minimum specific fuel consumption obtained in 
single-cylinder engine tests is the same with each method of 
mixing the fuel and air. 

5. For the same power output and cooling condition, the 
cylinder temperatures obtained with each method of mixing 
the fuel and the air are the same. 

6. The clearance volume of a four-stroke-cycle engine hay 
ing two intake and two exhaust valves can be scavenged 
completely with 3 to 5 in. hg pressure difference when using 
valve overlap of 120 to 130 crank deg. The scavenging ob 
tained on two-valve engines was not as good as on four-valve 
engines. 

7. When operating with valve overlap, as good idling can 
be obtained as with standard valve timing by providing a 
throttle valve in or near the inlet port of each cylinder. 

8. The use of fuel injection, valve overlap, and a turbo 
supercharger is an ideal combination. 

g. The power output and the fuel consumption obtained 
with safety fuel are equal to those obtained with gasoline. 

10. As the power and economy obtained with safety fuel 
having a flash point of 134 F is practically equal to that ob- 
tained with gasoline, any reasonable safety requirement can 
be met without any sacrifice in performance. 
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Modern European Light Cars 


By Charles B. Brull 


President, Research Section, Société des Ingénieurs de [ Automobile 


LTHOUGH mass-production methods of man- 

ufacture have become the law everywhere 

in Kurope since 1935, it takes three times as many 

man-hours to build a car in France as in the 
United States. Mr. Brull points out. 


French output has remained stationary at 
around 200,000 cars for three or four years, he 
explains, partly because of the fiscal pressure of 
increasing taxation. As an example he shows that 
French gasoline taxes are 164% of the cost price 
of gasoline compared with 66% for England, and 
37% for the United States. Not only has motor 
traffic been slowed down by this pressure, he 
shows, but so also has the income brought in by 
such taxes. After portraying further some of the 
elements of the light-car problem in Europe. and 
particularly in France, Mr. Brull divides the Euro- 


INCE 1920, the evolution of the European light car has 
been influenced by two main factors — economic condi- 
tions and increasing development of mass-production 

manufacture. One of the chief problems to be considered in 
Europe has always been fuel economy as gasoline is imported 
almost totally; thus the European automobile industry 

chiefly in France and England — always has been wont to 
concentrate on the construction of light cars. Yet, there is 
another reason: state taxes were in France, and still are in 
England, based on horsepower rating as expressed in terms 
of bore and stroke, and sometimes on bore alone, with ap- 
propriate coefficients. It was therefore necessary for the auto- 
mobile designer to work out his engines to obtain the highest 
power output from the smallest possible cubic capacity, which 
explains why, very early, we in France were keen on getting 
a maximum mass efficiency from small engines by means of 
high compression ratios, high angular velocities, supercharg- 
ing research, and extensive use of light alloys for the casings 


(This paper was presented at the World Automotive Engineering Congress 
of the Society, New York, N. Y., May 23, 1939.] 


This necessary endeavor towards high efficiency has reflected on auto- 


motive research work in every country and was undoubtedly 


beneficial 
to the whole motor industry. 
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pean light-car market into three overlapping 
types. corresponding to distinct public require- 
ments, and gives details of various European ex- 
amples of each type: 


1. The 2 to 4-seater, 5 to 6 hp, 2 to 4 cyl, weigh- 
ing 800 to 1000 Ib. 
2. The 4 to 5-seater. 8 to 11 hp. 4 cyl. weighing 


1500 to 1800 Ib. 


3. The 4 to 6-seater, 11 to 15 hp, 4 to 6 cyl, 
weighing 1800 to 2600 Ib. 


Among the more striking present types of Euro- 
pean light cars reviewed in detail by Mr. Brull are 
the 7, 11, and 15-hp Citroéns, the Peugeot 202 and 
402, the Renault “Javaquatre.” and the Simea 5 


and 8 hp. 


so as to reduce weight'. It was the influence of American 
standardized manufacture, coupled with temporarily excessive 
prices for aluminum which, around 1924, brought back in 
France and Europe the use of cast iron for engine, gear box, 
and differential casings; the Citroén Factory was one of the 
first big firms to do so, when Mr. Citroén decided to resort 
to mass production. In fact, this means of production had 
been previously tried out in France, namely by Berliet and 
Bellanger, but with comparatively little success. At that time, 
commercial possibilities were not considered consistent with 
mass production; it required the genius and daring of Mr. 
Citroén to realize that only thus could the French automobile 
business, recovering with difficulty from the last war, with- 
stand foreign competition. 

Since 1935, great changes have occurred in Europe, mainly 
due to the pressure of political and increasingly difficult eco- 
nomic conditions; mass-production has become the law every- 
where, to such an extent that, for instance, Germany was able 
to raise enormously her output and became in a competitive 
position in the export field, especially with commercial cars 
and the new K.D.F. model built under State supervision; and 
so is also England, which ranks first in European production. 
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Fig. | —Berliet touring cor equipped with a gas generator 


Other countries, formerly with no important automotive out- 
put, are now quite active, such as Russia and Italy, although 
their export possibilities remain restricted for the time being. 

In France, the number of automobile manufacturers has 
decreased from 45 in 1927 to 15 in 1937. The three foremost 
French firms (Renault, Peugeot, Citroén) build together 
about 75% of the whole output. In England there are still 
about 40 makes, two of which turn out 50% of British pro- 
duction. In the United States, the number of manufacturers 
is about the same as in France, with an output 25 times 
greater. To build an average car, 75 times the normal day of 
work of one man is required in France against 25 times in 
the States. 

The influence of road conditions is always very important; 
in France, all highways located north and east had to be 
completely rebuilt after the War, thus starting a road-improve- 
ment drive which was extended to the whole of our road 
system. Its previous unquestionable excellency thus was in- 
creased steadily, which accounts for the fact, possibly surpris- 
ing at first sight, that there was at home no urgent need for 
“autoroads” (that is, special highways for motor-car traffic); 
whereas, in other European countries they were deemed 
necessary (Italy started this work as early as 1922: Germany 
has built today over 8000 km of such roads), as ordinary 
roads are usually rather narrow and winding and not so well 
designed and kept as they are in France. This statement also 
explains that, from the earliest times of automobile traffic, 
French cars were —and still are — built for speed; and again 
that the problem of good springing has never been so acute 
with us as it might be elsewhere — with the obvious exception 
of vehicles intended for the colonies or special military uses. 

Now, every pleasant picture having its drawbacks, ours lay 
in certain aspects of our fiscal system, which does not appear 
to realize that motoring is no longer a luxury but has become 
a primordial necessity; true enough, taxes rated on cylinder 
capacity were withdrawn a few years ago; but they were 
replaced by an increased levy over ali fuels — (with the excep- 
tion of wood or charcoal gas-generators) —three successive 
néw raises were imposed on us during the sole year 1938. 
Quite the opposite policy is carried out in other countries 
with excellent results. 

Such a fiscal pressure partly accounts for the fact that the 


2 Sometimes a special trailer carries the gas generator. 
engine during highway traffic. Once in town, the trailer 


the engine is worked by ordinary gasoline (Gohin). 


French output remains stationary around 200,000 cars for the 
past three or four years. If we compare American, English 
and French taxes on gasoline, computed with figures prevail 
ing one year ago (April, 1938), we find: 


Price in Coast Approximate 
Francs price of Taxes ratio with 
Country of 5 | gasoline Taxes in% U.S.A. taxes 
U.S.A. 8.65 6.31 2.35 37.3 I 
England 15 9 6 66.6 
France 13.2 5 8.2 164 


(The price of gasoline was 20¢ per gal or 27¢ per 5 | with 
7¢ taxes.) This increase of French taxes, in 1938 only, corre 
sponds to an increase in expenditure for the motorist of 34% 
on light gasoline, 439% on heavy gasoline, and 64% on diesel 
fuel ol, It is not surprising that motor traffic did slow down; 
and so did the income brought in by such taxes, although it 
had been going up steadily from 123 million Francs in 1922, 
to 3800 million Francs in 1937; practically the State pockets 
1/3 of the selling price of a car, 2/5 of its utilization expen 
diture and over 3/4 of the price of gasoline. Still, in 1913, a 
medium-powered car could be purchased for 42,500 kg of 
wheat whereas, in 1938, 10,000 kg of wheat would buy a far 
better car, which shows that, when compared with the value 
of first necessity goods, the price of an average car in France 
is now 4 times less than 25 years ago. But it is no wonder 
also that the use of charcoal or wood gas-generators has been 





Fig. 2 — Adler-Trumpf car 


promoted lately, the more so because the cars thus equipped 
are almost free from taxes. One liter of gasoline is replaced 
by 1.5 kg of charcoal with an economy of 50 to 75% on fuel; 
many generators are already available on the French market 
(Gohin, Berliet, Renault, Panhard, Brandt), and also in Italy 
and Germany. Some French firms have even equipped light 
cars with a generator, located in the rear baggage space 
(Berliet, Fig. 1)°. It is not always advisable to equip an 
ordinary gasoline truck engine with such a device, because 
of the loss in total power, due partly to a 33% decrease of the 
calorific power of the mixture and partly to a 17% loss in 
weight of the intake charge (warm gases, increased resistance 
to suction, decrease of average engine speed). Practically, the 
loss, when compared with gasoline, does not much exceed 
30%. These generators are now highly perfected; they are 
ready to work in less than 5 min; do not require any gasoline 
to prime the engine; and are quite automatic. 

One last fact has had an important effect over engine 
ture of wood alcohol with gasoline. A comparatively non 
knocking fuel was thus offered for sale, and it immediately 
reacted over the average light-car compression ratios, which 
were raised from around 5.6 or 5.8:1 to 6.5:1 and even more 
(It is to be borne in mind that never has the use of tetraethyl 
lead or ethyl fluid been until now encouraged.) After a 


couple of years, the supplies of alcohol ran short, not only 


design in France: namely, around 1932, the compulsory mix 
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through mere exhaustion, but because general conditions made 
it necessary to recall that alcohol is one of the chief imple- 
ments required for the manufacture of smokeless powder; so 
that we were almost deprived of that antiknock mixture just 
when all manutacturers had adjusted their compression ratios 
to it. Harm was notwithstanding small, partly because of 
improvements in the quality of gasoline; and perhaps also 
because of the increasing success of aluminum cylinder heads, 
which possess a good conductibility and a better diffusion 
coefhicient, especially when combined with an excellent polish 
of the combustion chamber. Any other process producing 
such a polish is likely to bring in good results when carefully 
applied: such is the application of metallic platings like cop- 
per, nickel, chromium. I am personally interested in research 
work about chromium plating combined with the raising of 
compression ratios and shall say a few words about it later on. 

The foregoing synopsis is intended to be helpful in visual- 
izing some of the élements of the light-car question in Europe 
and particularly in France; we now shall divide the European 
light-car market within three more or less intermingling 
types, each one corresponding to distinct public requirements: 

1.— The 2 to 4 seater, 5 to 6 hp, 2 to 4 cyl, up to 1 | cubic 
capacity, weighing about 800 to 1200 lb, with semi-closed or 
closed body, a maximum speed of about 55 mph and a fuel 
consumption not exceeding 6 1/100 km (40 mpg, rating the 
American gallon at 3.785 | and the statute mile at 1.609 km); 
such are: in France: Simca 5, Rosengart, Renault (“Juva- 
quatre’), the former 5-hp Citroén, 1923 type, which is still 
guite in demand as a second-hand car; the expected front- 
wheel drive 4-hp Citroén, not yet out; —7n Italy: the small 
5-hp Fiat;—in Germany: the Auto-Union D.K.W., with a 
two-stroke flat-twin 1 | engine; the 1-1 Adler-Trumpe is illus- 
trated in Fig. 2; the small Opel; the Steyr car;—inm England: 
the 7-hp Austin (cubic capacity of 0.75 1; the big Austin 
cubic capacity of 0.9 1), the M.G. sports-Midget model with 
overhead valves; the Jowett car. As a matter of comparison, 
a very curious American car might be included in the same 
category: the “Bantam 60,” with a 4-cyl, 58.8 x 76.2-mm, 
0.745 | cubic capacity engine, 20 hp at 4oo0o0 rpm, thermo- 
syphon cooling, monodisc clutch, 3-speed gearbox, no inde- 
pendent springing, weight with coupe body, 1200 lb, 45 to 
50 mpg. 

2.— The 4 to 5 seater, 8 to 11 hp, 4-cyl, up to 2 | cubic 
capacity, weighing about 1500 to 1800 lb with closed body; 
maximum speed 65 mph, fuel consumption not exceeding 
12 1/100 km (20 mpg). Such are: im France: the Peugeot 
“202, as shown in Fig. 3, 4 cyl 68 x 78-mm, 1.13 | cubic 
capacity, overhead valves; the Simca 8, with overhead valves, 
1.1 | cubic capacity, 4 speeds; Renault’s “Novaquatre” with a 
2.38 | cubic capacity engine but adjusted for a cut-down fuel 
expenditure; the 7-hp Citroén, all four wheels independently 
sprung, front-wheel drive, 1.62 1; the Amilcar Compound, 





Fig. 3 - Four-seater Peugeot ''202"' with sliding roof 
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1.2 1, also front-wheel driven and with a curious cast 
aluminum frame; Licorne, 6 to 8 hp, with its central girder 
frame; —in Italy: Fiat and the new Lancia “Aprilia,” with its 
remarkable narrow V engine, cubic capacity 1.35 |, all four 
wheels independently sprung with torque tubes in the rear 
and sliding piston attachments in front; in Germany: the 
Mercedes 170 H-type rear-engined air-cooled, 1.7 |, and the 
front-engined 170 V-type; Adler 1.5 1; Hanomag, 4-cyl 63 x 88 
mm, 1.1 | cubic capacity, 9 | per 100 km, independently 
sprung front wheels; Opel, P-4, 4 cyl 67.5 x 75 mm, 1.06 | 
cubic capacity, 23 hp; Opel-Kadett 1.3 | and Opel-Olympia, 
4 cyl 67.5 x go, with front wheel, synchronized-springing; 
Hanomag-Rekord, 4 cyl, 71 x 95 mm, 1.5 | cubic capacity, 4 
speeds forward, independently sprung front wheels, maxi- 
mum speed 110 km per hr;—im England: Morris 10 and 12 
kp, the latter 4 cyl, 69.5 x 102 mm, cubic capacity 1.55 |, 
overhead valves and built-in jacking system (see Fig. 4); 
Singer-Bantam, 1.07 | and Singer 1.5 1; Austin 1o hp; Riley, 
1.5 1. 

3.— The 4 to 6 seater, 11 to 15 hp, 4 to 6 cyl up to 2.8 | 
cubic capacity, weighing from 1800 to 2600 lb, maximum 
speed 80 mph, mean fuel consumption about 13 to 15 | per 
100 km (16 to 18 mpg). Such are: im France: the Peugeot 
402, 4-cyl, 2.14 1; the Chenard “Eagle 22,” 11 hp, 2 1; the 
Berliet “Dauphine” 2 1, Fig. 5; the new Delaunay-Belleville 
2.3 1, 4 cyl, 70 x 100 mm, with lateral valves, all four wheels 
independently sprung, with coil springs in front, in the rear 
with a parallelogram of leaf springs; the Citroén “light 11,” 
front-wheel drive, 1.9 | capacity, and the new 6-cyl, 2.86 1, 
also front-wheel driven; Renault’s sports-model “Prima- 
quatre,” 4-cyl, 2.38 1, and “Vivaquatre”; Matford, 4-cyl, 13-hp, 
2.2 l1;-—im Germany: Mercedes-230 model, 6-cyl, 72.5 x go- 
mm cubic capacity, 2.23 1, 55 hp, 13 1 gas/100 km, maximum 
speed 115 km per hr, and the touring 2.55 | car, 260 type, 
with a diesel engine, 4-cyl, 90 x 100-mm; Opel 6-cyl, 2 1, 
67.5 x go, 1.92 | cubic capacity, 36 hp, independent front 
wheel springing with coil-springs; Adler, Hanomag types, 
including the 1.9 | diesel engine; Hanomag-Sturm, 6-cyl, 
70 X 95-mm, 2.25 | cubic capacity, maximum speed 115 km 
per hr, consumption about 13 1/100 km, independently sprung 
front wheels; — zm England: all the aforesaid mentioned makes, 
and besides the Alvis, 6-cyl 73 x 100-mm, 2.76 | cubic capac- 
ity, overhead valves with independent springing of front 
wheels and a four-speed gearbox with constant-mesh silent 
gears; torsional vibration damper; — in Italy: the Alfa-Romeo, 
6-cyl, 2.3 1, and the big Fiat and Bianchi cars. 


Many Features in Common 


With tew exceptions on the smaller models, these cars 
generally are fitted with front-wheel independent suspension, 
elastic mountings of the engine (often by means of synthetic 
rubber, which has been developed extensively in Germany 
(Buna) even for tires), balloon tires, all-metal coachwork, 
sometimes replacement of frame by welded sheet-iron hulls 
(Citroén, Renault “Juvaquatre” (see Fig. 6), German firms), 
rear tank and fuel pump, four-wheel brakes, spiral-bevel gears 
in the differential and synchromesh gearbox. The monodisc 
dry-plate clutch is favored by nearly all makes; but there has 
been lately a lot of experimenting in England, Germany, and 
France with centrifugal clutches or hydraulic clutches 
(Salerni, Andreau), the use of which leads to the suppres- 
sion of the clutch pedal thus simplifying both construction 
and driving. 

Aluminum and light alloys are now extensively made use 
of in the construction of European cars, mostly for cylinder 
heads, cylinder blocks (Rosengart), upper and lower crank- 
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cases (Panhard, Unic), differential housings and brake drums 
(Lancia), steering housings, intake manifolds (Simca 8), and 
also frames (Amilcar) and coachwork. It is sometimes con 
sidered that a gain of weight of 200 kg over a 1200-kg car 
(by decreasing the weight of the body by 100 kg by using 
aluminum instead of sheet iron, another 100-kg decrease 1s 


Fig. 4— Powerplant of 12-hp Morris car 


Fig. 5— Chassis of the Berliet "Dauphine" car 


Fig. 6— Welded Renault "Juvaquatre" chassis 


to be obtained over the weight of the mechanical parts), will 
bring the average fuel consumption from 12 | 100 km down 
to 10. 

It wakes up personal remembrances to recall that the coach 
work for both Citroén African and Asiatic Expeditions was 
made out of duralumin. I was in charge of the construction 





Fig. 7— Independent front-wheel suspension — !70 
V-type Mercedes 


Fig. 8~ Rear-wheel suspension on Mercedes |70-V 
car 


Fig. 9 — Mercedes |70 H-type rear engine 
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of these cars; I then went all through Africa and Asia with 
them as technical manager of the whole outfit so I can testify 
that the bodies of all cars and trailers never gave any trouble, 
despite hardships ot all sorts and extreme heat and cold. 

Ever) possible system of front-wheel independent suspen- 
sion is in use (see Fig. 7) from the Peugeot twin-triangle 
type, one of the first on the market, and the Unic split-axle 
type, to the Citroén torque tube, and the Renault “Juva- 
quatre” lever and leaf-spring, or the Simca 8 twin-lever sys- 
tem, the former with a single transversal leaf spring, the 
latter with coil springs, housed in the same casing as the 
corresponding shock absorber. 

English and German bodies have not been altered greatly 
in general shape during the past four years, whereas French 
cars shown at the 1938 Paris motor exhibit evinced quite 
noticeable changes in coachwork: bonnets with sides clamped 
to the frame and opening on top (Chenard, Renault, Peugeot, 
Simca, Matford); horizontal air slits instead of the tormer 
vertical ones, or no slits at all; headlights enclosed in the front 
sheet-iron plates (Renault, Chenard, Matford); generalization 
of sloping windshields. The location of passengers in the car 
has been improved more and more, together with the flexi 
bility of springs and distribution of weight over front and 
rear axles so that each axle should practically become the 
center of percussion corresponding to the load carried by the 
other one in order to fight any elastic reaction of front over 
rear springs and vice-versa. 

The generalization in Europe of all-steel bodies has become 
almost total, mostly thanks to the efforts and experience of 
the Budd Co. trom Philadelphia; this condition has led to a 
vast development of electric welding by arc or resistance, and 
of all production automatic welding machines connected 
therewith. 

It resulted also in an extensive study of soundproot mate 
rials to prevent transmission of vibration through metallic 
panels, notwithstanding its origin which is manifold — from 
mechanical stresses in the engine; intake and exhaust noises; 
all kinds of links and connections; transmission parts; drum 
ming of wheels and hissing of tires; friction of air on the 
body; and resonance of its inside to all kinds of vibrations. 

It might be also mentioned that the conventional rear-wheel 
transmission is still mostly in favor; some of them are inde 
pendently sprung (see Fig. 8); front-wheel drive is nearly 
restricted in France to Citroén, Irat, and Amilcar; in Ger 
many to D.K.W. and Adler-Junior; rear-engined cars are only 
built by Tatra, Mercedes (see Fig. 9), and K.D.F., the new 
State car. Let us recall here that the Ford Co. itself was 
granted on July 5, 1938, a patent applied for on May 13, 1937, 
about a rear-engine transmission and rear axle, with sym 
metrical distribution of weights along this axle. There is, in 
Europe, a very special class of light cars which combines both 
front and rear wheel drive, namely the one intended for 
colonial use or military cross-country liaison work. They 
embody four or six wheels, sometimes all of them powered. 
Such are the cars built in France by Laffly, Lorraine (both 
with all motive wheels independently sprung), Berliet, 
Renault; Citroén manufactures small caterpillar cars with 
metalloplastic belts; the most developed type of colonial car 
is probably the Mercedes G.-5 type, incorporating a 4 cyl, 2-1, 
48-hp gasoline engine, giving a maximum speed of 50 mph; 
a five-speed gearbox with overdrive and a four-wheel Steering 
combination. The turning diameter is 7 m, the climbing 
ability a 64-deg slope; the body is an open touring model but 
can be closed tight tor sleeping purposes; it includes a receiv 
ing and transmitting radio set with collapsible mast. 


The wheel-and-ratchet type of steering gear is sometimes 
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, Adler-Junior). Automatic 
gear boxes are still infrequent: Peugeot has tried out the 
Fleischel type, with no great apparent success; Minerva, in 


used (Berliet, Citroén | Fig. ro 





Belgium, has turned out a very curious variable-lever system, 
actuating a set of special free-wheels, one per group of two 
opposite cylinders, housed in the crankcase of its V-S engine; 
the more popular types are of the “preselection” design, such 
as the Wilson system, very much in use in England, and 
adopted in France by Talbot; and the electrically controlled 
epicyclic gear devised by Cotal and used in France by Peugeot, 
Unic, Delage, Salmson, Licorne, and so on. It might be more 
dificult in Europe than in the States to get the average cus 
tomer interested in such an automatic device as he generally 
prefers to keep a full control over his machine, with the 
exception, however, of lady drivers who certainly would wel 
come a really automatic gear shift. Everyone was greatly 
interested in noticing, at the last Paris auto show, what we 
deemed to be the first all-American replica to actual European 
design: namely the latest Willys-Overland, 12 hp, with lateral 
valves, 6-seater, and a fuel consumption of only 10 |, 100 km. 
A maximum speed of 130 km per hr is claimed by the 
manufacturers. 

During the past five years, engine progress has been quite 
noticeable. It might be mostly due to the fact that research 
work in Europe is now practically carried out only by special 
ists and scientists, instead of being left to well-meaning but 
insufficiently trained practical experimenters. The [rench 
Society of Automotive Engineers always has been trying to 
call public attention to the necessity for a National automotiv« 
schedule of production; for creating a special school for 
graduates who choose to specialize in the automotive indus 
try; for organizing research laboratories opened to qualified 
engineers, quite apart from the State ones and from thos« 
belonging to motor-car factories. 

Whereas the chief technical purpose lately was to obtain 
from our engines the highest possible angular velocity, two 
other characteristics now are being especially attended to: 
betterment of thermal efficiency, which means higher com 
pression ratios; increase in the mean effective pressure, which 
leads to supercharging. Average engines at home actually 
have a compression ratio of 6:1 to 7:1, which can be brought 
up to 9:1 or even 10:1 for racing engines when fed with high 
octane-number gasoline. Such a compression-ratio increase is 
always dependent upon all the other characteristics of the 
combustion chamber and manifolding, thus being limited in 
value to that which delivers the maximum effective power. 
Forced feeding will bring the bmep normally in Europe of 





Fig. 10-Citroén pinion-and-ratchet steering gear 
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about 6 to 7 kg/cm* (85 to 100 lb per sq in.) up to 10 
kg/cm* (140 lb per sq in.) or even more on racing engines. 
Thus, one of the latest Mercedes special cars, with a cubic 
capacity of only 2.96 1, was able to deliver about 100 hp per |. 
Superchargers for small cars are actually under completion, 
either of the impeller type (as used on the Auburn, Graham 
or Studebaker models), or of the Roots or volumetric types. 
It is not easy, with small blowers, to obtain a satisfactory 
specific efficiency, the importance of which is foremost to get 
a good result from the supercharged engine. If the com- 
pressor’s efficiency is 0.95, in order to double the engine 





Fig. 11 -General outline of one of Andreau's aerodynamic 


bodies 


power, the ratio of intake pressures should be close to 2:1 
and the fuel consumption is theoretically multiplied by 1.03; 
if the efficiency is only 0.60, the ratio of intake pressures must 
be 2.6:1 and the ratio of consumptions 1.1. European engi- 
neers are also busy with improvements over the following 
items: intake and exhaust manifolds to reduce friction of 
gases and get an even mixture distribution among the cyl- 
inders; complete automaticity of carburetors, including con- 
trolled preheating of air; efficiency of ignition, for all values 
of velocity and torque; rigidity of rotating parts and of their 
assembly with the crankcase; lubrication proper, and high 
quality of lubricants; in connection with the betterment of 
bearings: soft metal, lead-bronze, cadmium or silver com- 
pounds, nitriding or chromium plating of crankpins; alu- 
minum-silicon alloys for pistons, nickel-chromium-tungsten or 
molybdenum-silicon alloys for valves, often equipped with 
stellite seats; cylinder blocks usually are cast with nickel- 
chromium cast-iron, the percentage composition of which 
includes: 


C — 3 to 3.4; Si—1.7 to 2.2; Mn—0.6 to 1; 
Ni — 1.2 to 2; Cr—0.3 to 0.8. 


The skirts, inserted in the cylinder bores are made out of 
“Ni-Resist” cast iron or else of centrifugated nickel-chromium 
cast-iron quenched in oil or air at 850 C and annealed 
300 C. Other subjects of researches are: 

Extra light magnesium compounds for housings; forged 
and heat-treated aluminum alloys for connecting rods; British 
manufacturers favor for aluminum piston alloys the “Lo-Ex” 
type (low expansion), the analysis of which is: 


Si—14; Cr—0.9; Ni-—2; Mg-—1, 


quenched in water at 515 C, then normalized at 180 C; 
else the “RR-53” type composed of: Cu — 2.2; Ni—1.3; Mg — 
1.5; Fe — 1.2; Si — 1.25; Ti— 0.1; quenched in boiling water at 
525 C and normalized at 180 C. 

European designers still prefer the straight 4 or 6-cyl dis- 
position, with few exceptions (V-type Lancia, with hemi- 
spherical combustion chambers; D.K.W. flat-twin type). 
Crankpins now are being hardened by the “Double-Duro” 


or “Tocco” processes, or else by automatic quenching, after 
strong local heat has been applied with special acetylene 
torches, which process frequently is resorted to in Germany. 
Practically all engines are seated on the frame on elastic 
cushions, and some of them are equipped with dampers to 
reduce critical torque vibrations. L-heads and overhead valves 
are equally in demand, also inserted seats; personally, | have 
tried with success glucinium-bronze inserts. The valve-spring 
problem is still a front-page matter; some British light cars 
use a corabination of multiple small springs; trials are made 
to replace springs by torque tubes; metallurgists are producing 
special spring-wire steels, with an increased internal damping 
coefficient, to fight vibration; for high compression ratios, | 
was myself led to devise a new type of non-vibrating twin 
coil spring, the pressure law of which is dependent upon the 
rate of compression. Although aluminum for combustion 
chambers is now quite popular, equally good results can be 
obtained with polished cast-iron chambers with copper, nickel, 
or chromium platings. In the latter case, I have found it 
necessary to plate also both valves and the piston heads. 
Although there does not seem to exist any quite satisfactory 
explanation for the specific effect on gases of a highly polished 
metallic surface, it is a fact that chromium prevents hard 
carbon deposits; only a thin layer of greasy soot is to be 
found, which is easily removable with a piece of rag, even 
after years of use. Spark plugs also were improved; the 14 
mm type is now quite common in France and probably will 
be replaced by the 10 mm type as soon as it shall be com 
mercially available. Many carburetors, with or without injec 
tion pump, embody a fuel-spare device, controlled from the 
dashboard, and intended to keep the speed within the eco 
nomical range (Solex Zenith). Important research work also 
is carried on about direct gasoline feed to the engine, and 
laboratory tests already show an increase of about 10% in 
power, but this feature is not yet ready for practical applica 
tion to small engines. 


Diesels in Light Cars 


As for diesel small engines intended for light cars, the best- 
known types in Europe actually are: 

Citroén (Ricardo type) 4-cyl, 75 x 100-mm, cubic capacity, 
1.76 1, 40 hp at 3500 rpm, weighing 200 kg or 5 kg per hp; 
compression ratio 18:1, injection pressure 100 kg/cm?*; 

Peugeot, 4-cyl, 78 x 120-mm, cubic capacity 
3250 rpm, weighing 225 kg or 4.5 kg per hp; 


2.3 1, 50 hp at 


Mercedes, 4-cyl, go x 100-mm, cubic capacity, 
t 3000 rpm; 


2.45 |, 48 hp 


Hanomag, 4-cyl, 80 x 95-mm, cubic capacity, 1.90 |, 35 hp 
at 3000 rpm, compression ratio, 21:1. 

Intake manifolds, polished inside, offer interesting possi 
bilities, especially when coupled with appropriate deflectors to 
insure a proper mixture distribution. And more and more 
are the cylinders of European engines equipped with inserted 
steel or hardened cast-iron skirts, whether or not in direct 
contact with the cooling water; such skirts, being easily 
removable and comparatively cheap, afford a practical solu- 
tion for the problem of cylinder wear, notwithstanding the 
use of dry or wet air filters, often coupled with intake mufflers. 

Another subject has aroused an enormous interest amongst 
European engineers: Aerodynamism. | am glad to state here 
that my French colleague, M. Andreau, has long ago special 
ized in that arduous matter and has contributed largely to 
its progress. See Fig. 11. For what should be the modern 
coachwork, I once offered the following definition: “A smooth 
body, with a high air-penetration coefficient, built to afford 
the maximum of comfort and safety and propelled by a high 
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eficiency machinery, transferring to the wheels an automati- 
cally variable torque.” Which, of course, means a streamlined 
body, with an entirely flat and smooth bottom, parallel to the 
road, not too close to it and not too far from it, both excesses 
enhancing ground interaction; with curved surfaces the curva- 
ture of which has an absolutely regular rate of variation; with 
all angles of escape for air chosen close to their limit value; 
and with every provision made to ensure both lateral and 
transverse stability. Knowing that air resistance, taken as 
proportional to the square of speed, absorbs from 2/3 to 3/4 
of the power applied to the rim between 100 and 120 km 
per hr, aerodynamic computations show the longitudinal 
coefhicient of resistance tor an ordinary body to be from 0.6 
to 0.7 whereas, for an aerodynamic body, it drops to 0.25 or 
even 0.2, the theoretical limit being 0.07. Thus the decrease 
in resistance is 65% corresponding to an increase in speed of 
20 to 25%, everything being equal. A striking instance of 
the results thus obtained is the improvement gained by M. 
Andreau on Captain Eyston’s “Thunderbolt”: it was_ pri- 
marily built with a body having a 0.4 coefficient which could 
not possibly allow for more than a 484 km per hr maximum 
speed, despite the 4600-hp striving under the bonnet; M. 
Andreau was able to bring this coefhicient down to 0.125, thus 
increasing the maximum possible speed up to 540 km per hr; 
in other words, about 800 hp were set free to increase speed 
instead of being eaten up by air resistance. Another instance, 
as applied to a standard 402 Peugeot chassis (which I am 
about to describe now), with Andreau body, brought the 0.68 
initial coefhcient down to 0.28 with a 30% increase of maxi- 
mum speed, a gasoline saving of 30% within the normal 
range of speed and an absolute insensibility to lateral winds. 
With a car thus designed, the hissing of wind against the 
body is suppressed so that the driver absolutely loses this 
ingrained criterion for speed; the windshield remains com- 
pletely clean, as there is no frontal air pressure to stick mud 
or insects on the glass panels; raindrops run from bottom to 
top and are scattered instantly, thus rendering the windshield 
wiper needless; and stability is so great that the steering wheel 
becomes finger-tip controlled. 

A rapid review will now be given of the most popular types 
actually manufactured in France, namely the Citroén 7, 11 
and 15 hp, the Peugeot 202 and 402, the Renault “Juva- 
quatre,” and the Simca 5 and 8 hp. 

Citroén 7 and 11 hp— Born around 1933 and steadily im- 
proved in details, these cars are still in great demand. See 
Fig. 12. 

The principles involved are front-wheel drive, in order to 
lower the center of gravity and gather the whole mechanical 
powerplant in one block; and a chassisless steel body, in front 
of which this outfit could be clamped. The road stability, 
especially along curves, is remarkable. The only drawback is 
a slight excess of wear on front-wheel tires, as evidently 
should be expected. Other technical data are as follows: 
engine block complete with engine, clutch, gearbox and front 
axle differential; the 7 hp is a 4-cyl, 72 x 100-mm, 1.63-1 cubic 
capacity, 35 hp at 3200 rpm; the 11 hp, a 4-cyl 78 x 100-mm, 
t.gt-l cubic capacity, 42 hp at 3200 rpm; both include over- 
head valves and removable skirts in the bores. The gear box 
is a three-speed unit, controlled by a short lever located on 
the dashboard; transmission to independently sprung front 
wheels is achieved by homokinetic universal joints of Spicer- 
Glaenzer design. Each steering head is carried by an upper 
triangle and a lower radius arm connected by adjustable dogs 
to a longitudinal torsion bar. Rear wheels are carried on a 
light axle and are also independently sprung by transverse 
torsion bars. Front wheels are independently steered through 
a sprocket and helical pinion steering gear; four-wheel hy- 
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draulic brakes; mean fuel consumption: 7 hp, g to 10 1/100 
km; 11 hp: 11 to 13 1/100 km; 5 seater, four-door sedans, 
saloons, and roadsters are available. Maximum speeds: 7 hp, 
100 km/hr; 11-hp “light,” 110 km/hr. 

Citroén 15 hp —It was shown officially for the first time at 
the Paris motor exhibit of 1938. All previous general char- 
acteristics remain the same, with the exception of the straight 
6-cyl 78 x 100-mm, 2.87-1 cubic capacity engine, designed on 
the same principles as the 4-cyl engine. The maximum speed 
is 130 km/hr, the mean fuel consumption around 15 1/100 
km. Acceleration is very good: 15 sec from 60 to 100 or from 
100 to 120 km. It must be said that, as early as 1934, our 





Fig. 12 —Citroén 7-hp sedan 


former technical staff had devised, with less facilities of all 
kinds, some trial cars with a V-shaped 8-cyl engine which, 
with about the same maximum consumption approximated 
the same performances; but it never could be gotten to the 
production stage, due to some factory hardships connected 
with the death of Mr. Citroén. 
Actual prices: 
standard 7: 25,700 fr; standard 11: 27,700 fr 
($670) 
standard 15: 36,300 fr 


( $970 ) 


(9750) 


Peugeot 202 and 402 B— The Peugeot Factory, located in 
the East of France, has come to realize that prevailing con- 
ditions made it impossible for any manufacturer to scatter his 
production over many models. So the former schedule was 
reduced for 1939 to two types: the smaller 202 and the 402 B 
and 402 B “light.” 

The “202” has a box-frame, independently sprung front 
wheels of the Peugeot classical, twin-triangle type, and Bendix 
brakes. The engine is a 4-cyl, 68 x 78-mm, 1.13-1 cubic capac- 
ity, 30 hp, with overhead valves, Alpax cylinder head, and 
bore-inserted skirts, in contact with the cooling water, three- 
speed gearbox and worm-wheel rear axle; maximum speed, 
95 km per hr; fuel consumption from 6.5 to 8 | per 100 km. 
The standard body is a four-door, four-seater saloon, all-steel 
built with opening roof; a very neat roadster model is avail- 
able. There is a special jacking device included. Price: 21,000 
fr, or $550. 

The 402 B and 402 “light” cars incorporate the same type 
of box frame, together with a 4-cyl, 83 x 99-mm engine, 2.14 | 
cubic capacity, 65 hp around 4000 rpm, overhead valves, 
downdraft carburetor and an Alpax cylinder head on “de 
luxe” models. The bore skirts are also “wet.” A three-speed 
gearbox or optional four-speed Cotal electromagnetic gear 
with overdrive is provided. The rear axle is worm-wheel 
driven; it has Bendix brakes. The maximum speed is well 
over 120 km per hr and the fuel consumption does not exceed 
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13.5 | per 100 km. All types of coachwork are available, the 
standard one being the five-seater, four-door saloon. Price: 
29,000 fr, or $765. 

Renault Light Cars — Although Renault production models 
are many and practically cover the entire field of automotive 
manufacture from the 12-ton truck to aviation engines and 
railcar or marine diesel motors, the most characteristic of all 
present types is the latest model, called “Juvaquatre.” Exten- 
sive use has been made of electric welding and plate stamping, 
so as to suppress rivets and bolts in the frame construction. 
The frame is made out of folded sheet iron to which the 
footboard is welded as shown in Fig. 6. The body proper 
consists of three welded elements: roof; lateral panels; bonnet 
and cowl. As previously stated, the front wheels are inde 
pendently sprung, each one being carried by an upper triangle 
and the lower single transverse spring with three master leaves; 
the rear wheels are sprung by another transverse leaf spring. 
The engine is a special 4-cyl, 58 x 95-mm, 1-1 cubic capacity, 
three-bearing crankshaft; let us notice the difference in con- 
ception with the Simca 8 engine (of approximately the same 
cubic capacity), as regards ratios of stroke to bore, the Renault 
being over 1.6 with lateral valves, and the Simca about 1 with 
overhead valves, although the opposite practice is more gen 
erally used. As a rule, no Renault engine for touring cars 
includes overhead valves, which are only fitted to truck 
engines and diesel motors. Other characteristics are: mono 
disc clutch, three-speed gearbox, usual type of gear control. 
Maximum speed is about roo km per hr, fuel consumption is 
around 81/100 km. The coachwork is a four-seater two-door 
saloon with improved draftless air-circulation. The road com 
fort and easiness of driving are quite remarkable. Average 
price: 21,000 fr or $550. 


Other Cars More Conventional 


Other light-car products of the Renault Factory are much 
more conventional in design, such as the “Novaquatre” and 
“Primaquatre” (Fig. 13) models. None of them has indepen- 
dently sprung wheels. Both incorporate the “85” type of 
engine, 4-cyl 85 x 105-mm, aluminum head, with a special 
mixture adjustment on the “Nova” to keep fuel consumption 
below ro 1/100 km, the maximum speed being 100 km per 
hr; whereas the “Prima” engine (Fig. 14) can work full 
throttle up to 125 km per hr, the consumption being about 
13 1/100 km. Both cars are equipped with the mechanical 
Renault servo-brake, which has a positive action even when 
the car is backing or the power is shut off. Prices: 25,000 fr 
or $665: and 26,000 fr or $700. 





Fig. 13 — Renault Primaquatre car 


Simca— The Simca cars, designed by the Fiat Co. trom 
Italy, are entirely manufactured by the Simca Co. in its new 
big factories located in the outskirts of Paris. Thus, we con 
sider these cars to be of French make. The first one on the 
market was the small Simca, which immediately raised a good 
deal of attention. 

Simca 5 — For this very popular small two-seater, curiously 
in harmony with the SIA program, publicity has been based 
on economy of purchase and upkeep, with references to the 
success in England of cars similarly designed. The fact that 
French automobile tradesmen always had a strong prejudice 
against two-seaters enhances the success in France of the 
Simca, due to its remarkable efficiency and easy handling 
The engine has a 570-cc capacity, 4-cyl, 52 x 67-mm, latera 
valves and aluminum head. The radiator is located behind 
and above the engine, but still enough in front to ensure good 
cooling. We notice four hydraulic brakes and shock absorbers. 
and a four-speed gearbox, which is one of the strongest ele 
ments of its success. Also there are independently sprung 
front wheels, each one carried on a bottom triangle and _ the 


top transverse leaf spring. The coachwork consists of 


a hull 
like assembly with a coupe body and optional collapsible root 
Maximum speed: over 50 mph, fuel consumption not exceed 
ing 5 |/100 km. As stated before, such a car took first place 
at the Le Mans 24-hr race in terms of performance classifica 
tion. Actual price: 14,000 fr (about $370). 

Simca 8 — The 4-cyl engine is nearly square: bore is 68 mm 
stroke, 75 mm. Aluminum head is used with valve seat 
inserts; 35 hp at 4ooo rpm; overhead valves; thermosyphon 
cooling; monodisc clutch and four-speed gearbox, which 1s 
obviously the right solution for a small car; front-wheel inde 
pendent suspension consisting, on each side, of two transverse 
levers connected with a coil spring and a shock absorber 11 
the same housing; rear suspension with normal leaf springs, 
including a rear wheel stabilizer; four-wheel hydraulic brakes 
The ratio: weight equals about 26, which is a good figure 
This car is quite remarkable in its maximum speed: 11 
km/hr; and also its low fuel consumption: 10 1,100 km 
Road qualities are excellent and hill-climbing ability is very 
good, due to the four-speed gearbox, the 3d allowing a: 
high a speed as 80 km per hr on level ground. | have tried 
this car for many hundred miles and found it most satisfac 
tory. Price of the standard saloon: $660. 

Many other types of light cars are available on the Frencl 
market, but are built and sold in lesser quantities than the 
ones just described, and thus are less representative of Frencl 
manufacturing. 





Fig. 14- Renault Primaquatre engine 
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tuck Performance Study of the 
Public Roads Administration 


By J. Trueman Thompson 
Highway Research Specialist, Public Roads Administration 
and 


Professor of Civil Engineering, The Johns Hopkins University 


HE hill-climbing studies reported in his paper 
were addressed to questions of whether to 
widen the roads, speed up the vehicles, or both. 
and of what measures will give the greatest relief 
to the traffic problem, Prof. Thompson announces. 


The program, he explains, consisted of three 
major parts: the precise and detailed examination 
of the grade performance of a limited number of 
new chassis; a similar study of a number of used 
trucks of the same models whose record of use 
and maintenance are known; and finally a study 
of the hill-climbing practice of a large number of 
vehicles chosen at random from the general traf- 
fic. Prof. Thompson reports that the new chassis 
phase was completed last summer, and the used- 
chassis phase is in progress. 


In the results reported, actual climbing per- 
formance is compared with that forecast by for- 
mula, manufacturer’s specifications and engine 
torque curves, and average values of tractive re- 
sistance and efficiency. The variation of rolling 


EARLY all rural roads today are two-lane roads. The 

great majority will always remain two-lane roads. 

The presence in the traffic stream on such a road of 
vehicles moving at speeds substantially less than the average 
speed of the stream, whether such vehicles be trucks or pas- 
senger cars, is a cause of inefficiency, inconvenience, and 
accident hazard. The problem created is a serious one, and 
the public is genuinely concerned. 

What to do to improve matters; whether to widen the 
roads, or speed up the vehicles, or both; and what measures, 
either singly or in combination, will give the greatest relief at 
the least total cost? are questions that require answers; and 
{This paper was presented at the Metropolitan Section Meeting of the 
Society, New York, N. Y., Jan. 25, 1940.] 


and wind resistance with speed and gross vehicle 
weight is shown. Data from tests on U.S. Route 1] 
are tabulated to show the percentage of each type 
of truck or tractor semi-trailer that is capable of 
negotiating a variety of grades at speeds of 15, 20, 
and 25 mph. From the gross weights determined 
at weighing stations it was found that 60% of the 
light trucks were loaded, 40% empty; and that 
only 1% of the light trucks carried excessive 
loads. With the light tractors, however, only 14% 
were unloaded and nearly 60% would have had to 
reduce their loads to climb a 4% grade at 20 mph. 


Special detecting equipment is described that 
makes possible a continuous written record of the 
simultaneous positions of all vehicles moving up 
or down the grade. With the information ob- 
tained from these records the author believes light 
will be thrown on the questions of traffic im- 
pedance, exposure to danger, possible minimum 
speed limitation, effect of vehicle type and weight. 
critical grades, and length of grade. 


it is to these questions that the hill-climbing studies are 
addressed. 

In the case of passenger cars, slow speed is usually a matter 
of the driver’s habits or choice. The cars themselves are 
usually capable of higher speeds. In the case of trucks and 
tractor-trailer combinations, slow speed on hills is often a 
matter of the design or loading of the vehicles. The vehicles 
are capable of no greater speed under the existing conditions 
of load and grade. To deal intelligently with the problem 
created by the presence of such vehicles in the trafic stream, 
it is obviously necessary to know, within reasonable limits, 
the speeds of which they are capable under various grade 
conditions. It was for this purpose that the hill-climbing tests 
were undertaken. 
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Fig. | — Examination of the chronograph tape record of any test enabled the vehicle speed to be determined accurately on any por- 
tion of the grade 


At the beginning ot the undertaking we had only a realiza 
tion of the variables involved. We believed that a material 
number of vehicles traveled at such low speeds, particularly 
on hills, as seriously to interfere with the normal movement 
ol traffic, with attendant exasperation and resulting hazard. 
How many or what kind of vehicles they were — and under 
what conditions of grade, load, and alignment they were 
more prone to bog down—we did not know. Nor did we 
know at what minimum speed they should be capable ot 
moving in order to improve conditions. We knew that grade, 
speed, and gross weight were involved as variables, but there 
was considerable doubt as to precisely how they were related 
through such factors as tractive resistance, engine power, gear 
ratios, mechanical efficiency, and rolling radii. We were 
aware that we could not base our judgment on the perform 
ance of new vehicles alone —that the effect of service wear 
and tear would have to be evaluated — and, finally, we realized 
that after all the data were studied and correlated we would 
still be faced with decisions as to the measures of relief to be 
employed. 

Accordingly, a program was adopted which consisted of 
three major parts: the precise and detailed examination of the 
grade performance of a limited number of new chassis; a 
similar study of a number of used trucks of the same models 
whose record of use and maintenance would be known to us; 
and finally a study of the hill-climbing practice of a large 
number of vehicles chosen at random from the general traffic. 

The new chassis phase, completed in the past summer, will 
serve as the basic foundation of optimum performance on 
which will repose our ultimate ideas of a reasonable minimum 
speed. The used-chassis phase which is just being begun 
should enable us to determine the effect of use on the original 

‘or new power characteristics, and thus to modify or discount 
them intelligently. The random studies will reveal which 
vehicles move slowly, where they do it, and why they do it, 
and certain equipment and techniques to be described later 
will permit a determination of the resulting interference with 
traffic and the added exposure to danger introduced by drivers 
attempting to move forward in the face of oncoming vehicles 
to more favorable positions in the trafic dammed up behind 
slow-moving units. 

Without going into much technical detail we may discuss 
briefly the tests that we have just completed on new chassis. 
The first question which naturally arose in our minds and is 
perhaps in yours is: “Why go to all the trouble and expense 
ot actual field tests? Surely, there must be available a means 
of computing from the specified characteristics of trucks, what 
they will do on hills.” To answer this question, the automo 
tive engineers have a formula. It is: 


Pe £2 xX 2 


GUu 
r( g ~ J) 
(10 ) 
where: GVW = Gross vehicle weight, lb. 

T = Torque at a given engine speed, ft-lb 
e = Overall efficiency of vehicle. 
R = Total gear reduction. 
r = Rolling radius, in. 
g — Per cent grade, ft of rise per roo ft. 
f = Coefhcient of rolling resistance, lb per |b « veiwht 


t 


This formula is known to be valid from the point of view 
ot simple mechanics. It expresses the gross vehicle weight 
that can be carried at any given speed in terms of measurable 
quantities. The grade, the radius of tires, and the gear reduc 
tion are easily obtainable. The power output can be dete: 
mined by putting the engine in a cradle dynamometer and 
developing its torque curve. We have done this for the engin 
ot each new chassis tested. 

But there are two other terms which are much more difh 
cult to measure, and which are quite variable depending upon 
conditions. In consequence, average values generally have 
been assumed for them when such computations have been 
made in the industry. These terms are the resistance which 
the vehicle meets in pushing through the air and in rolling 
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Fig. 2—Comparison of hill-climbing ability as determined by 
actual grade tests and by performance formula 
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over the highway surface, and the mechanical efficiency of the 
transmission of the engine power to the driving wheels. 

Because we were unable to discover any consensus as to the 
limits and variations of these terms, we could not rely upon 
the customary average values, particularly since these new 
chassis tests tormed the basis of our future work and a high 
degree of accuracy was desired. So we decided to develop 
empirically the relationships expressed by the formula. An 
important contribution of our efforts has been the incidental 
development of resistance and efficiency figures which, as time 
went on, helped us to speed up our work materially, and 
should be of great future use to the automotive industry. 

In performing the new chassis tests, advantage was taken 
of the generous cooperation of several truck manufacturers 
who lent us in all about 30 vehicles. Some of these were 
trucks, some tractors, and some dual-purpose jobs. Gasoline 
motors predominated, but a few diesel-powered chassis were 
included. These vehicles were tested on several grades rang 
ing from about 3 up to 7% so as to establish the maximum 
crawl speeds which could be maintained on these grades 
under various loads. 


The testing was relatively simple and direct. The same 
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Fig. 3- Variation of rolling plus wind resistance with speed — 
Tractor with semi-trailer on new concrete road 


body was used in each truck and the same semi-trailer with 
each tractor; manufacturers’ specifications and engine-torque 
curves were available. Therefore, for any vehicle, a forecast 
could be prepared of its approximate climbing ability, using 
average values of tractive resistance and efficiency in the stand 
ard performance formula previously shown. 

When it was desired to test a vehicle on a certain grade in 
one of its possible gear ratios, it was loaded with sand bags to 
somewhere near its safe capacity. With this load the vehicle 
entered the grade at the predicted speed. If this did not prove 
to be the crawl speed, that is, the speed which the vehicle 
could just maintain at full throttle under the given grade 
gear-load combination, other trials were made in which the 
grade was entered at a higher or lower speed depending upon 
whether it had accelerated or decelerated in the previous run. 

The speedometer was used merely as a guide to judgment 
as to whether the crawl had been attained successfully. A 
more precise determination of speed was made by a bicycle 
wheel attached to the front of the vehicle which was so 
arranged that every half-revolution it closed and opened an 
electric switch mounted on its hub. This permitted an inter 
mittent flow of current through a circuit in which was in 
serted a magnetically operated stylus writing upon a strip of 
paper which moved at uniform speed. Another pen, which 
was in an independent clock circuit, indicated time intervals 
on the same strip of paper. A later examination in the office 
of the indications on this strip (Fig. 1) enabled us to inter 
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Fig. 4— Variation of efficiency with gear ratios — Light trucks 
and tractors 


pret with accuracy the speed with which the vehicle moved 
on any portion of the grade and to judge the constancy with 
which it had climbed as well as the value of the crawl speed. 
By reducing the load by steps and by a repetition of the 
simple procedure just described, the relationship of gross load 
and speed was established on each grade for the possible com 
binations of gears available. We limited ourselves to a speed 
range of from approximately 10 to 40 mph. 

An indication of the discrepancy between actual perform 
ance and that computed using average values of efficiency and 
rolling resistance is shown in Fig. 2. We were able to deter- 
mine that the efficiency remains approximately constant in any 
gear for the entire range of road speeds used. Therefore, it 
follows that the discrepancy must be due almost entirely to 
variations in rolling resistance with variations in road speed. 
It will be observed that, below the intersection of the two 
curves the actual speeds for a given load are greater than those 
computed while, above the intersection where speeds are 
higher and greater than average rolling resistances are en 
countered, the actual speeds for a given load are reduced 
below the computed values. 

That these resistances play an important role in truck oper 
ation is, of course, well known and that they are easily 
responsible for the discrepancy between actual performance 
and computed ones, using average values, is seen from Fig. 3 
which shows how the resistance varies with speed. These 
results were obtained simply by measuring the changes in 
road speed from moment to moment as the truck slowed 
down in coasting in neutral on a long level stretch of pave 
ment. The retarding forces were gotten by relating the decel 
eration thus secured and the known mass of the vehicle. An 
interesting observation is that unit resistance varies not only 
with road speed but also with weight. 

Once these resistances were established for a variety of 
speeds and gross weights it was possible to insert them in the 
performance formula in which all the terms were now known 
except efficiency. These efficiencies were computed and ar 
ranged as shown in Fig. 4. It will be seen that they decrease 
with increases in gear ratio. This result is logical but, so far 
as we were able to discover, the nature of the variation and 
its limits had not been previously reported. The same may be 
said of the variation of unit resistance with speed and weight. 

Needless to say we took advantage of every new factor 
developed, such as those just enumerated, and, of course, they 
improved our powers to forecast crawl speeds and thus sped 
up our procedures appreciably. Another way in which the 
work was accelerated greatly might also be mentioned. When 
we first began, it was with the idea of actually testing each 
chassis on each of the several grades but, as our knowledge 
and skill increased, we found we need test on only one or two 
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Fig. 5 — Performance of typ- 3 


used trucks, these figures are based on the optimum perform 
ance of new trucks. 

From the figure we see that all the light trucks included in 
the traffic on this road would have been capable of a speed of 
at least 15 mph on the 3% grades, had all of them retained 
the power they possessed as new trucks. Few would have 
been reduced to less than 15 mph, even on grades as steep as 
6%. Only a few of these trucks would have been reduced to 
less than 20 mph on 3 and 4% grades, and only a few more 
to less than that speed on 5% grades. On 6% grades a sub 
stantial percentage of the total number would have been 
incapable of 20 mph. On this grade 14% would have been 
unequal to that minimum speed. While this percentage may 
not appear large, it must be recognized that the light trucks, 
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grades and use the data thus obtained to compute the per 
formance on any other grade with satisfactory accuracy. 

Fig. 5 is typical of the speed-load curves obtained for each 
vehicle. From it we see, for example, that the vehicle in 
question was able to haul 20,000 lb gross on the 44% grade 
at 20 mph. 

But, while such information is of special interest to th 
manufacturer of that particular vehicle, we were concerned 
with a more general use of the data. We therefore grouped 
together the light, medium, and heavy chassis and rearranged 
the data as shown in Fig. 6, which is for light trucks only, 
that is, trucks with a rated capacity of 114 tons. From it we 
can see at a glance the general interrelationship of grade, 
speed, and gross load. Note, for example, that one of these 
light trucks may be expected to maintain a speed of 20 mph 
on a 4% grade when its gross weight is about 21,000 lb. We 
will refer to this particular performance later on. 

The manner in which this and related information may be 
used in arriving at reasonable performance standards and in 
correlating these standards with highway design and motor- 
vehicle operation may be illustrated by the following which is 
offered merely as an example: A section of U. S. Route 1 
between Richmond and Fredericksburg was considered, a 
distance of about 50 miles. The data gathered at planning- 
_ survey weight stations give the number of trucks in the light, 
medium, and heavy classes involved in average daily traffic. 
They also give the average weights carried by each class. 
Knowing the abilities of vehicles in each class from the data 
in the diagram just shown, it is possible to picture in Fig. 7 
the speed of which these vehicles would have been capable. 
Note that these are trucks, not tractor trucks and semi-trailers. 
Note also that, because no information is yet available for 


as a class, constitute about 80% ot the total number of trucks 
on this road, so that, of the total of 124 trucks that would be 
incapable of 20 mph, 100 trucks or 81% were light ones. As 
would be expected, the third group of bars representative of 
the light trucks shows that somewhat larger percentages of 
the total numbers would have been incapable of a speed of at 
least 25 mph on the several grades, rising to as many as 28% 
for 6% grades. 

The general patterns of the bar charts representative of the 
medium and heavy truck groups are much the same as for 
the light groups, except that the percentage of these larger 
vehicles incapable of each minimum speed on the several 
grades is somewhat larger than in the case of the light trucks. 
But, even so, the actual numbers of the heavier trucks unable 
to make the several desired speeds is far less than those of 
the light vehicles similarly incapable. 

Fig. 8 shows the same kind of information for tractor 
trucks and semi-trailers. It will be seen at once how vastly 
different the light group looks when contrasted with the light 
trucks. Here large percentages are deficient for all but the 
least requirements. Nearly half of them could not negotiate 
a 5% grade at even 15 mph. On a percentage basis the 
medium tractors are even worse off although, because of their 
relatively smaller number, they actually produce many less 
deficiencies. 

Fig. 9 shows how the information derived from the truck 
tests may be used in the field of the economics of truck 
operation. This figure presents a frequency distribution curve 
of gross weights as actually measured at the weighing stations 
on the Richmond-Fredericksburg road. From it one sees, for 
example, that about 60% of the light trucks on this route are 
loaded and 40% are empty; that 40% have gross weights of 
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Fig. 7- Grade ability of single unit trucks — 24-hr daily average traffic between Fredericksburg and Richmond, Va., on U. S. Route | 
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Fig. 8 — Grade ability of tractor truck semi-trailer combinations — 24-hr daily average traffic between Fredericksburg and Richmond 
Va., on U. S. Route | ) 









































190 S.A.E. JOURNAL Vol. 46, No. 5 
(Transactions) 
35 = $$ 40 deni 
g g 
L = ; 125 15 _ 2 Bu 
30 o8 2 i. a 5 
ou } z z ou z 
wo 390 } | - 2 105° ro 
s -& yet {205 & 30 ; ~yI 20a 
S23 4 | ~o 4 
= wz re oo Hz 
: Z3 | ; a 285 , 
°o => z wo z 
8 a } - 
z | 2 3 20) - 0 > 
3 +1 0 £ a . 
: | pe - 4 : 
> 15 j : } 8 | oS 
ro) | eS | S. = 
é | 3 | g '5| S | 
' ° 
ray — iS > ae = 
§ , | ¢ 2 ja EMPTY WEIGHT 10,450 LBS a 
2 a a 2 | 
S —_ + ° 
$ s}— X 4 5| 
{AVERAGE EMPTY WEIGHT 6300 LBS | 
| : | 
ae oe : _~ Seen ices : one , 
0 100 200-300 $00" . 0 20 4 60 8 0 120 40 160 180 200VEHICLES 
—— — + —_— 0 10 2 30 40 50 60 0 80 90 100 PERCENT 
0 © 0 23 4 #5 6 10 8 


100 PERCENT 


Fig. 9— Average payload and excess load for light trucks on 
4% grade at 20 mph—U. S. Route | between Richmond and 
Fredericksburg, Va. 


8000 lb and payloads of less than 2000 |b; that 20% have 
gross weights of 13,000 lb and payloads ot 7000 |b, and so on. 
Since from the truck performance tests we know that not 
even new models in this light class can carry more than about 
21,000 lb gross on a 4% grade at 20 mph, anything over that 
figure is an excess which would have to be avoided if it were 
desired to operate at such a speed on grades of that per- 
centage. Of course, this is merely an example of use; any 
other level of performance may be imagined. Note that about 
10, or only 1% of these light trucks carried excessive loads 
as measured by this standard. 

Fig. 10, however, shows that a very different situation 
prevails with respect to the light tractors on this route. It 
shows that they travel much less frequently empty, since only 
about 14% of them are unloaded as against 40% in the 
previous class. Also, we see that instead of 1%, nearly 60‘ 
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Fig. |! -Approximate length of grade exceeding various 
gradients (including only grades 500 ft or more in length) - 
U. S. Route | — Richmond to Fredericksburg, Va., 52 miles 


Fig. 1|0-—Average payload and excess load for light tractor 
truck semi-trailer combinations on 4% grade at 20 mph- 
U. S. Route | between Richmond and Fredericksburg, Va. 


their loads in order 
were they required to perform at 20 mph on a 4% 
Fig. 11 shows that, 


would have had to reduce 


to qualify, 
grade. 

of the 52 miles from Richmond to 
Frederic ksburg, more than 3¥, miles consists of stretches of 
at least 500 ft on grades of 4% or greater. More than 2 
miles of the route is made up of grades of 5% or more in 
sections 500 {t or longer, and 114 miles is composed of 6° 
grades otf least 500-ft length. 


( 
If reduction of grades was 
contemplated as a means of improving the speed performance 
of the trucks and tractors using this route, these data would 
give an idea of the extent of the reconstruction that would be 
necessary. It is easy to imagine how this simple concept could 
be elaborated to show in cubic yards of 
dollars of cost the magnitude of the 


excavation or in 
road construction cost 
involved. 

With the cooperation of several transportation companies in 
Baltimore who lend us their trucks and tractors, we 
have begun to test used vehicles. The 
secure jobs of the s 


recently 
attempt is made to 
models as were used in the new 
chassis phase of the research, with widely spaced increments 
of use, say in steps of about 20,000 miles for the light vehicles 
and of about 50,000 miles for the heaviest ones. It is also 
meena for us to know the maintenance records of these 
vehicles. As you can imagine we are having some difficulties 
but they are fortunately not due to a lack of 
the part of 


same 


willingness on 
the local companies but rather to difficulty in 
spotting the right model with the right mileage on it, and 

being able to reconcile the convenience of these busy agencies 
with our own testing program. This condition is so despit 
the fact that the improved method of test, referred to earlier 
in the paper, makes it necessary for us to use the unit for onc 
day only. As yet there is little 
but we that a little will enable us to 
establish information with which we can modify our concep 


to report in the way of data 
feel sure persistency 
tions of performance based on new vehicles. 

There remains then only a discussion of the third phase of 
this experiment — the random studies, in which we observe the 
movement of vehicles on hills without their drivers being 
aware of it. Use is made of detecting equipment which merits 
description here because of its uniqueness and general applica 
bility to trafic research problems. 

This detector consists of a rubber tube, about as big around 
as a lead pencil, which is stretched across the pavement and 
secured to pins driven into the shoulders. At each end of the 
tube is a delicate electric switch which is operated pneumati 
cally. A short portion of the tube over the center stripe of the 
pavement is plugeed. When a vehicle moving normally in 


(Concluded on page 197) 
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ropeller Requirements for Submerged 


En gine Installations 


By George W. Brady 


Curtiss Propeller Division, Curtiss-Wright Corp. 


HE use of engines enclosed within the air- 

plane wing introduces certain specialized re- 
quirements for the propeller although the general 
form and arrangement will not be altered. 


Nacelles for housing the propeller drive will 
be very small and hence means must be used to re- 
duce hub and blade-shank drag to minimum 
values. Several methods of achieving this result 
are described. 


Structural requirements for propeller mounting 
and drive are discussed, and necessary characteris- 
ties for a satisfactory installation given. Special- 
ized functional requirements also are outlined. 


HE problem of designing the most efficient propeller 

for use on an airplane having engine installations of the 

so-called submerged type and of installing it in a struc 
turally satisfactory manner introduces several new require 
ments, but does not change fundamentally the methods of 
propeller design and selection used for more conventional 
types of installations. The new problems presented are both 
aerodynamic and structural and, in addition, the question of 
functional characteristics will require particular consideration 
for certain engine-airplane-propeller arrangements. 

From the aerodynamic standpoint, the hub and inner por 
tion of the blade become of greater importance in order to 
avoid large drags and consequent lowered efficiency. The 
design of the outer portion of the blade will not be changed 
by submerged engine requirements and propeller selection 
will continue to be done by the same methods as for conven 
tional types of installations with only the necessary modifica 
tions to allow for differences in the working condition of the 
propeller. 

Structurally, the propeller drive and mounting for the drive 
must be sufficiently rigid to carry the necessary power and 
inertia loads and at the same time the vibration characteristics 
of the mounting must be of such a nature that no resonances 
of an amplitude dangerous either to propeller, shaft or air- 
plane structure are present at any speed in the operating 
range. 


Consideration of probable arrangements of submerged en 


[This paper was presented at the National Aircraft Production Meeting 
4 the Society, Los Angeles, Calif., Oct. 6, 1939] 


gines indicates that propellers must possess certain specialized 
operating characteristics to permit installation without undue 
complication and to enable satisfactory operation under all 
flight conditions. Also, if the propeller is located in a pusher 
position behind the main landing wheels, there will be special 
requirements for blades in order to be able to establish a 
satisfactory service record against abrasion. 


Aerodynamic Considerations 


By definition a submerged engine installation is one in 
which the engines are totally enclosed within the airplane 
wing. Hence an airplane having this type of engine will be 
definitely multi-engine and its relative performance is to be 
compared to other multi-engine airplanes having engines of 
equal power but conventional arrangement. 

Preliminary studies of the arrangement of an engine en 
closed within the wing indicate that the installation will 
almost necessarily be more complicated than a radial or in-line 
engine installation in nacelles forward of the wing. Hence, in 
order to justify these additional complications, there must be 
an aerodynamic gain of appreciable magnitude. 

This gain obviously may come in one of two ways or a 
combination of both. First, the propeller efficiency may be 
increased and, second, the drag of the nacelle and particularly 
its interference drag may be reduced. Both of these causes 
are served by the location of the propeller a sufficient distance 
forward of the leading edge of the wing or rearward of the 
trailing edge so that “isolated” propeller working conditions 
are approximated and by the enclosure of the propeller drive 
in a diameter of nacelle which is small relative to the frontal 
area of engines of equal power but conventional arrangement. 

Published data concerning the drag and propeller efficiency 
of very small diameter nacelle installations, either pusher or 
tractor, are very meager. Calculations based on NACA tests 
with standard radial engine cowlings at the speeds used in the 
Propeller Research Tunnel show increases in high speed of 
the order of 4 to 6% for submerged engine installations in 
medium-size two-engine airplanes operating in the neighbor- 
hood of 300 mph. Larger airplanes in which the wing thick- 
ness is of the same order of magnitude as the nacelle diameter 
for conventional radial installations would not show quite so 
much improvement. At higher speeds, where compressibility 
around a radial engine cowl begins to affect drag, the im 
provement of the submerged engine installation will be 
appreciably greater. 

Considering practical cases, it is evident that the nacelle 
diameters to meet requirements for decreased drag in the case 
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of tractor installations will be of the order of 15 to 25 in. for 
engines in the 1000 to 2000-hp class. Since typical controllable 
propellers have hubs which require diameters of 15.5 to 19.5 
in. to circumscribe them, as shown in Fig. 1, it is evident that 
the necessary smooth fairing into the nacelle of an enclosing 
spinner for the hub will fall in line with the estimated nacelle 
size. Hence, a satisfactory solution to the hub drag problem 
can be obtained relatively easily. 


Necessity of Shank Fairing 

With the hub inside a smooth contour fairing into the 
small-diameter nacelle, it is evident that there will be a con 
siderable portion of the blade shank projecting into the slip- 
stream. It is also evident that this inner portion of the blade 
must have a suitable shape to prevent large drags and dis 
turbed flow. For high-speed applications, it is also important 
that the sections be shaped.so as to extend the speed at which 
compressibility losses start to as high a figure as possible. 

Since design requirements of controllable-pitch propellers 
make it necessary that the blade shank have a circular section 
inside the hub, a faired section of appreciable length is neces 
sary between the hub and the working portion of the blade. 
Experience has indicated that for metal blades it is not pos- 
sible for an abrupt change in section to be made as otherwise 
a stress concentration would be caused which might result in 





Fig. 2— Blade shanks with and without blade-shank cuffs 


a blade failure. Hence, blades of this type will not meet the 
requirements of the submerged engine installation. 

In some other blade materials than metal, such as the 
Schwarz or wood-and-plastic type, there is evidence that a 
quite abrupt change in section is possible. However, there is, 
in any case, a definite necessity of having the blade shanks in 
the portion exposed to the airstream of a section having as 
low a drag as possible. 

As an indication of the magnitude of the drag of blade 
shanks under various operating conditions, the following 
tabulation has been prepared. A propeller of a type suitable 
for about 1200 hp was assumed. Forward speeds ot 300, 400, 
and 500 mph at 15,000 ft were used, and the propeller rpm 
in keeping with these conditions: 


Table orsepower Absorbed by opeller Blade Shanks 
Table 1—H I Al bed by Pr ller Blade Shank 


Type of Shank Horsepower Absorbed 





300 MPH 400 MPH 509 MPH 
Round 62 174 (142) 627 (286) 
Faired 35 88 (83) 311 (161) 
Difference 27 86 316 
Note: The above calculation is for a three-blade propeller and is based 
on the power absorbed by the blade shanks from the 12-in. to the 24-in. 
station. The fineness ratio at the 12-in. station is taken as 1 for the round 
shank and 2 for the faired shank. 





Fig. 3-— Standard light-alloy and experimental stainless-steel 
blade-shank cuffs 


In the foregoing calculations it was assumed that each sec 
tion of the blade shank was working at its angle of minimum 
drag. Data on section drag at the higher speeds were obtained 
principally from published NACA data on tests in the high 
speed wind tunnel, and allowance has been made for both 
scale and compressibility effects. While the absolute accuracy 
of the figures given cannot be guaranteed particularly due to 
unknown interference effects, it is believed that they are ot 
the correct order of magnitude. 

From Table 1 it is evident that the power losses due to use 
of unfaired blade shanks increase rapidly with forward speed. 
As an indication of the amount of this horsepower loss which 
is due to compressibility, the figures in parentheses in the 
table for the 400 and 500-mph speeds were calculated on the 
basis of the same drag coefhcients as for the 300-mph speed. 
It is also evident that the fineness ratio of 2 for the faired 
shank is not sufficient for the 500-mph case to reduce power 
losses to reasonable values, and hence greater ratios will be 
necessary. 
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Fig. 4- ERCO Schwarz-type blade with airfoil section carried 
close to hub 


Further studies and some tests have indicated that the drag 

of a faired shank is quite critical as to setting of the section 
with respect to the relative wind. Appreciable drag increases 
begin to appear with angles of attack of 5 deg and more from 
the angle of minimum drag. 

The conclusion trom Table r is inescapable that fairing of 
blade shanks 1s necessary for speeds of 400 to 500 mph. It 
also indicates that considerable work must be done in the 
design of installations of this type to balance the shank drag 
in small-diameter nacelle installations against the drag of 
larger nacelles which cover a greater portion of the blade 
shank. 

In order to achieve the desired result of a faired shank with 
a metal blade and to retain, at the same time, the gradual 
change in shank section required for blade structural reasons, 
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it is necessary to use an auxiliary fairing attached to the blade 
shank. This is now being done with blades of the hollow 
steel type. Fig. 2 shows the blade with and without the fair 
ings or blade shank “cuffs” as they are commonly referred to, 
and Fig. 3 shows the constructional details of the standard 
light metal cuff and also an experimental stainless steel cuff. 
In this connection, it is of interest to note that, for current 


designs of blades, the shank diameter for a given size of black 
is approximately 10% less for hollow-steel blades thar 


those of aluminum alloy. 


Development of cuffs for aluminum-alloy blades is a mor 
difficult problem than in the case of hollow steel, since ther« 
is no shoulder on the blade to which the cuff can be attached 
Also, the material is more susceptible to abrasion at the edge 
of the cuff with consequent danger to the structural integrity 
of the blade through the formation of a stress-raising scratch. 
Experimental cuffs for aluminum-alloy blades have been built, 
but their use to date has been restricted to experimental 
installations. 

In Fig. 4 is shown a typical ERCO Schwarz-type blade, 
illustrating the possibility of bringing the blade sections down 
close to the hub as an integral part of the blade itself. 


Combination Cuff and Spinner 


One of the most interesting detail problems which has 
arisen in the course of design of combination spinner-and-cuff 
installations is that of the best type of juncture between the 
two. The simplest method is, of course, to cut a hole in the 
spinner sufficiently long for the cuff to pass through. This 
method, however, has the disadvantage of leaving a fairly 
sizable gap in the spinner around the cuff to permit the cor 
rect amount of pitch change. This gap is particularly large 
when feathering is a requirement, and such evidence as is 
available indicates that a large gap is quite detrimental to 
drag. 

In order to get away from the opening and at the same time 
to permit the necessary pitch change, several possibilities have 
been investigated. These several methods are shown schemati 
cally in Fig. 5. 

Arrangement A (left) consists of building a small fillet be- 
tween the cuff and spinner which will form a part of the 
spinner and which terminates in a bulkhead normal to the 
blade centerline. The cuff is brought down to a matching 
bulkhead with just sufficient space for clearance. The fillet is 
designed so that it lines up with the cuff at the pitch angle at 
which maximum efficiency is desired, usually high speed. At 
other angles there will be an angular displacement of the cuff 
with relation to the fillet. 

In arrangement B (center), the cuff is brought down to the 
surface of the spinner as closely as possible and terminated 
just outside the surface. Due to the curvature of the spinner, 
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Fig. 5-Spinner and cuff arrangements 











194 S.A.E. JOURNAL Vol. 46, No. 5 


} 


(Transactions) 


the gap between it and the cuff will vary with the blade 
angle. Under certain conditions, it will probably be possible 
for this gap to be a minimum at the desired angle for best 
efficiency but, in general, the pitch range required is too great 
and an uneven gap will be necessary. 

Arrangement C (right) brings the cuff down to a plate 
having a generally circular form and whose edges are equi- 
distant from the blade centerline. At the chosen blade angle 
this plate is completely flush with the spinner. At other angles 
its edges will lie partially above and partially below the spin 
ner contour. 

Of the foregoing methods, 4 and C appear equal on the 
basis of maximum efficiency at the chosen operating angle, 
whereas B is probably slightly inferior. Structurally, there is 
not very much advantage either way, although B appears the 
more compact. From the de-icing standpoint, C appears best 
since there would appear to be a possibility of ice forming 
under the cuff 4 when at an angle not flush with the fillet 
and, in the case of B, ice might collect in the gap between the 
cuff skirt and the spinner. If the chord of the cuff is long, C 
would appear inferior as the diameter of the opening would 
be so large as to make the spinner design difficult. It would 
appear that, at the present time, no general conclusion as to 
the best arrangement can be drawn and, therefore, each appli- 
cation must be considered individually. 


Structural 


The structural requirements of propellers for submerged 
engine installations do not affect the propeller itself so much 
as the supporting and power-transmitting members. Hence, 
the problem becomes three-cornered, affecting the airplane as 
well as the engine and propeller manufacturers. 

Assuming that the propeller for the submerged engine 
installation is tested fully for the powers and speeds to be 
encountered, it is still necessary that the mounting and drive 
characteristics be such that dangerous propeller vibratory 
stresses are not present. Conversely, it is necessary that pro- 


peller forces, both steady and vibratory, are known and 


allowed for in the design of the mounting and that possibk 
exciting forces in the propeller do not set up resonant vibra- 
tion in the airplane structure. The major requirements of the 
structure to meet these conditions from the propeller stand 
point are outlined in the following analysis: 

Types of installations fall into two principal categories: 
first, when the propeller shaft is supported by an extension to 
the nose of the engine and, therefore, is an integral part ot 
the engine and, second, when the propeller shaft is mounted 
in a bearing supported by the airplane structure and connected 
to the engine by an extension shaft. Of these two types, the 
separate extension shaft is considered the more generally 
applicable and is the type discussed here. It very likely is the 
preferable type since its construction inherently makes pos 
sible more complete isolation of the propeller from engin 
vibration. Hydraulic propeller drives are a further possibility, 
but little is known of their efficiency. They would, however, 
appear to provide a very satisfactory solution to the propeller 
vibration problem. 

From the steady stress standpoint, the only load of any 
magnitude transmitted to the propeller from the airplane is 
torque. The steady loads transmitted from the 
the structure are thrust, 


propeller to 
inertia loads under trans 
lational acceleration conditions, and angular moments due to 


weight, 


gyroscopic forces in turns and other maneuvers involving 
angular velocity in pitch or yaw. Of these all are well known. 
However, the magnitude of the gyroscopic couple for the 
larger propellers is becoming important, and Fig. 6 has been 
prepared to give a quick approximation for various conditions. 

This chart also gives the moments of inertia of typical sizes 
of propellers of both three and four-blade types. The gyro 
scopic torque for these several propellers is plotted against 
propeller rpm for an angular velocity of 1 radian per sec. 
For faster or slower angular velocities the torque will vary in 
direct proportion. 

The maximum angular velocity which it is necessary to 
design for will vary with the type of the Small 


airplanes develop angular velocities ot 


airplane. 
highly maneuverable 
the order of 3 to 4 radians per sec in spins. The large: 
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of airplanes do not, of course, undergo such high rates of 
rotation, although the angular velocities in a 5g vertical bank 
or pull-out are 1.5 and 0.55 radians per sec at speeds of 75 and 
200 mph respectively. 


Vibration 


It is trom the vibration standpoint that the most careful 
attention must be paid to assure a satisfactory installation. 
The necessary condition is that the vibration characteristics 
of the mounting and drive shall be such that there is no 
possibility of a resonant vibration being set up in the propeller 
due to excitation from airplane and engine, and also no possi 
bility of the propeller exciting a resonance in the airplane 
structure. 

Fortunately, it appears that the extension-shaft drive and 
mounting can be designed to avoid critical resonances, pro 
vided the propeller-engine-airplane structure is considered as 
a whole. The basic requirements to meet this condition are 
not complicated, and it appears that an extension-shaft drive 
system lends itself very readily to the incorporation of the 
necessary means tor controlling vibration. 

Consider an engine-extension shaft-propeller system as 
shown in Fig. 7. The engine is supported on elastic mount 
ings from the airplane structure, and a bearing for the exten 
sion shaft is provided immediately behind the propeller. 
Rigid mountings are, of course, possible but are not consid- 
ered here since it is believed that they will be used infre 
quently in view of the probable serious consequences to the 
airplane structure of having the engine mounted rigidly to it 
and thus permitting transmission of the full force of the 
engine vibration to the structure. 

It is evident that, for the flexibly mounted engine installa- 
tion, because of engine movement, deflection of the propeller 
mounting, misalignment, and so on, a flexible coupling is 
necessary in the extension shatt. This coupling can, of course, 
be located at any point along the extension shaft, but consid- 
erations to be discussed later of the geometry of possible 
motions of the engine and shaft show that it should be located 
as close to the engine as possible. 

The excitation for vibration in this type of system are of 
two classes, the first originating in the engine and the second 
in the propeller. 
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The excitation in the engine is due to inertia and gas 
torques about all axes through the center of gravity of the 
engine and inertia forces along these axes. The gas torques 
appear essentially only about the extension-shaft axis but, 
under certain conditions such as the location of the torque 
take-off or extension-shaft axis being different from the prin 
cipal axis of inertia, the gas torques will excite vibration about 
other axes. The frequencies in terms of crankshaft speed of 
this type of excitation for a four-cycle engine are N/2 when 
N is any integer. The inertia forces are dependent upon the 
type of engine, some types having perfect inertia balance and 
others exhibiting unbalance, the most important being first 
and second orders. 

Excitation from the propeller is due to inertia and aero 
dynamic forces and couples. Inertia force is due to static or 
dynamic unbalance and is of propeller-speed order. Aero 
dynamic couples are due to slight manufacturing variations in 
blade form or angle, interference effects from adjacent fuse 
lage or wing and similar causes, and frequencies of this 
excitation will be principally propeller order and propeller 
order times the number of blades. 

Since these various forces and couples are all capable of 
exciting vibration in the propeller, it is necessary that means 
for isolating the propeller from them be provided, preferably 
for all and at least for those which would cause resonant pro- 
peller vibrations at a speed in the operating range. 


Vibration Isolation 


It is possible to give effective isolation to the propeller from 
torque variations of a vibratory nature by making the natural 
frequency in torsion of the shaft with propeller installed 
less than the lowest torsional excitation in the engine at the 
lowest operating speed. This lowest operating speed will be 
idling, and the lowest order of torsional excitation will be 
order due to gas torque component. 

Analysis of a typical case for a 5-ft shaft capable of trans 
mitting 1000 hp at 2500 rpm shows that the natural frequency 
will lie in the range of 150 to 300 cycles per min, which is 
well within the requirement of being less than ¥, order of 
idling speed. The provision of the necessary elasticity in the 
torque direction can, therefore, be obtained by shaft design 
alone. 
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De-coupling of the extension shaft and propeller from fore- 
and-aft vibratory forces which are usually rather small is also 
obtainable in the design of the flexible coupling between the 
engine and shaft through the provision of a splined connec 
tion or equivalent means. This will provide isolation of the 
propeller from the second of the six possible exciting forces 
and couples. 

The remaining excitations, lateral and horizontal transla 
tional and angular motions about lateral and vertical axes, of 
the engine, extension shaft, and propeller system with the 
flexibilities illustrated schematically in Fig. 7 have three prin 
cipal modes of vibration. The fundamental mode, Fig. 7 (b), 
consists of the translational motion of the system as a unit. 
The second mode, Fig. 7 (c), is a rocking of the system in 
the suspension and has a single node. The third mode, Fig. 
7 (d), is a two-node vibration, one node being located in the 
engine, the other in the extension shaft. This third mode, 
‘having the highest natural frequency of the three, is the only 
one which it is necessary to consider in the design of the 
elastic suspension system. 

Excitation for this mode will lie both in the mass and 
aerodynamic couples about lateral and vertical axes in the 
propeller and in the inertia and gas torque couples about the 
lateral and vertical axes in the engine. The highest operating 
speed at which this mode will be excited will be determined 
by the lowest-order frequency originating in the engine or 
propeller. For engines with propeller-shaft reduction-gear 
ratios of 0.5 and higher, the lowest frequency will be 4 order 
gas torque component due to uneven distribution and firing 
in the four-cycle engine. For engines with gear ratios lower 
than 0.5, the lowest frequency will, of course, be propeller 
speed. 

The requirement for avoidance of resonance of the suspen 
sion system from these exciting forces may be met by design 
of the elastic mounting for the engine and propeller shaft 
bearing with natural frequency for the third mode of vibra- 
tion below the lowest exciting frequency. Analysis of a typical 
case shows that, for an engine in the 1200-hp range and with 
a 5-ft extension shaft, the desired elasticity can be obtained 
with a suspension which has a deflection under the weight of 
the engine of approximately 0.25 in. 

The attainment of the condition for avoidance of a reso 
nant vibration of the suspension system thus appears practi 
cable, but there is still possibility of some resonances in the 
propeller being excited by the higher harmonics of the gas 
torque, inertia torque, and inertia force. It was just noted 
that torque variation could excite vibration about other axes 
under certain conditions. If this is the case, there will be a 
shake of the engine of the sort shown in Fig. 7 (d) but of a 
higher order, and it is evident that a lateral or vertical motion 
of the engine to propeller shaft coupling will result which 
may be transmitted to the propeller through bending of the 
extension shaft. 

Avoidance of this condition is difficult unless the engine is 
so designed that the torque take-off axis coincides with a 
principal axis of inertia of the engine. In this case there will 
be no tendency for torque variations to cause vibration about 
other axes and the lateral or vertical motions of the flexible- 
coupling end of the extension shaft will be practically 
eliminated. 

If the engine has the torque take-off axis different from but 
parallel to a principal axis of inertia, there will be lateral and 
vertical excitation which may cause unsymmetrical modes of 
vibration in the propeller, depending principally upon the 
stiffness of the shaft. To determine whether this vibration is 
of serious magnitude would almost definitely require full- 
scale investigation, as the characteristics of the several com- 
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ponents of the system are involved in a relationship too com 
plex for present methods of theoretical analysis. 

The foregoing discussion has been based on the assumption 
that the individual components of the system are rigid and 
all elasticity concentrated in the mounts. In the actual case, 
the flexibilities of the various parts of the system will, of 
course, affect the natural frequencies somewhat, but not seri 
ously. Hence, if the conditions just described as necessary are 
met, resonant vibration of the system in its mounts will not be 
encountered in the operating range. 


FLEXIBLE COUPLINGS 


Fig. 8-—Exten- 

sion - shaft sys- 

tem with double 
universal 





One type of extension-shatt mounting which has been tre 
quently considered is that shown in Fig. 8. This differs from 
that of Fig. 7 in the addition of a support bearing for the rear 
of the extension shaft and the use of a short shaft and two 
universal joints to connect to the engine. This system is 
attractive from the propeller standpoint as it would provide 
for very satisfactory vibration isolation for the propeller, but 
it has torque instability characteristics that render it unsuit 
able for general use. A slight unbalance or run-out of the 
short shaft will operate smoothly under light torque loadings 
but, under heavy load conditions, there will be a critical speed 
determined principally by the elastic characteristics of the 
engine mount and the damping characteristics of the coup 
lings at which the system becomes unstable, and the run-out 
of the short shaft increases until failure occurs. This condition 
is similar to that observed in the operation on the dynamom 
eter stand of radial-engine installations with flexible suspen 
sion systems. 

The final design of a vibrationally satisfactory extension 
shaft propeller drive will, of course, require consideration of 
some factors in addition to those outlined herein, but it 1s 
believed that the major ones have been described. Full-scale 
testing on a ground test rig which simulates the airplane 
installation would enable the proving of the design of the 
shaft and mounting and is believed to be a necessary adjunct 
to design calculations. Experience with propeller vibration 
has shown that full-scale testing with vibration recording and 
analyzing equipment is the only accurate method at present 
of assuring that a specific installation is satisfactory. 

The development of vibration-isolating mountings and 
drives for propellers may very likely prove so effective, how 
ever, that, as data accumulate on a number of installations, 
it will be possible to relegate propeller vibration to the position 
of one of the less-critical design problems. If this is the case, 
the way would be opened to an appreciable reduction in pro- 
peller weight, and the weight put into the submerged en 
gine and extension shaft system would be at least partially 
compensated. 


Functional Characteristics 


The mounting of propellers on shafts which are connected 
to the powerplant only through extension shafting or similar 
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remote drive means adds certain specialized requirements to 
the pitch-change mechanism of the propeller. Considering 
the types of controllable propellers, hydraulic, mechanical, 
and electric, it is evident that the type to be used will affect 
the design of the propeller shaft and mounting to a consider 
able extent. In mechanical and electric types, it is necessary 
to provide the attaching points on the propeller side of the 
shaft bearing housing to support the mechanical controls for 
the mechanical propeller or the electric power transfer means 
for the electric type. In the case of the hydraulic propeller, 
it is necessary to provide the requisite oil-transfer rings and 
ducts in the shaft unless the propeller has an integrally 
mounted oil reservoir or is of a type in which the transfer 
rings are part of the propeller design itself, in which case the 
same situation prevails as for the other types where provision 
is to be made only for mounting the control accessory. Also, 
the requirements for governor mounting differ among the 
various types. The electric propeller governor may be mounted 
on the main engine and connected to the propeller by elec- 
trical conductors. The hydraulic type requires that the gov- 
ernor be mounted and driven adjacent to the transfer rings 
unless external oil lines are supplied. Reservoir for the pro- 
peller oil must also be supplied unless a connection is made 
to the engine lubricating system. 

It should also be noted that the remote location of the 
propeller with relation to the engine means that no heat 
transfer can be relied upon and hence that all lubricants or 
operating oil in the propeller must be of sufficiently low vis 
cosity as to permit satisfactory functioning at the low tem 
peratures encountered in flight. This will require the use of 
oils with pour points at least as low as —50 F and preferable 
below —7o0 F. Inasmuch as the use of spinners is contem 
plated by the submerged engine installation, the hub de-icing 
problem will not be affected by the elimination of heat trans- 
fer to the propeller. 

Another characteristic of the extension-shaft installation is 
the probability of pusher propeller locations being used. This 
type of installation, if it places the propeller disc approxi 
mately in line with the main wheels, introduces an additional 
requirement, that of having blades with sufficient resistance 
to abrasion to withstand the stones, sand, and so on, which 
are thrown by the wheels through the propeller disc. 

Abrasion tests recently conducted have shown the marked 
superiority from this standpoint of the hollow-steel type of 
blade having hardness of approximately 285 Brinell (3000 kg) 
as compared with blades of aluminum alloys of hardness vary- 
ing from go to 145 Brinell (500 kg), or as compared with 
blades of the combination wood-and-plastic type construction. 
It is believed that, for the pusher-type of installation and also 
for airplanes having the propellers located close behind the 
nose wheel of a tricycle landing gear, blades of the hollow- 
steel type or of a construction having equivalent abrasion 
resisting characteristics will be found to be mandatory. 


Summary 


In the foregoing an attempt has been made to describe the 
specialized requirements for propellers for submerged engine 
installations and to suggest means by which they can be met. 
The aerodynamic gain theoretically possible with engine en- 
closed within the wing and driving propellers in small diam 
eter nacelles can be maintained if propellers are equipped 
with spinners enclosing the hub and if the blade shanks are 
properly faired. Structurally the problem is principally one of 
vibration isolation of the propeller through design of the 
extension-shaft drive and elastic supports for the engine. 
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Truck Performance Study of the 
Public Roads Administration 
(Concluded from page 190) 


one lane runs over the tube, an air impulse is set up which 
actuates the near switch only, the impulse stopping, of course, 
at the center plug. A vehicle moving normally in the opposite 
lane actuates the other switch, the one corresponding to its 
lane. 

In practice these detectors are stretched across the road at 
50-ft intervals for the entire length of the grade in question. 
Each switch is connected to a multiple-wire cable which runs 
alongside the road. These multiple wires terminate at record. 
ing machines located near the ends and at the center of the 
test section. These recording stations are located in concealed 
positions well back of the roadside. 

The recording machines are synchronized and their oper- 
ators are in telephonic communication with each other. Each 
recording machine consists essentially of twenty electrically 
operated pens which write upon a wide strip of paper moving 
at a predetermined uniform speed. Each pen is electrically 
connected to one switch of a trafic detector. 

It will be seen that the device enables us to secure a con 
tinuous written record of the simultaneous positions of all 
vehicles moving up or down the grade. From it we can get 
the speed of each unit from instant to instant as it moves up 
the hill, the time and space interval between vehicles and the 
number of vehicles retarded by any slower moving one. We 
can also tell from the record which vehicle leaves its normal 
path of travel and gets over into the opposing traffic lane, 
when and where it does it, how long it is thus exposed to the 
oncoming trafic, and particularly how this exposure varies 
with the speed and other characteristics of the vehicle or 
vehicles it is attempting to pass. 

At the central one of the three stations, the license numbers 
of passing trucks are incorporated into the record so that 
individual units may be identified on the charts when they 
are later studied in the office. Beyond the crest of the hill the 
trucks are stopped and weighed with portable scales and a full 
record of those characteristics which might influence grade 
performance is obtained. 

This phase of the research was begun last summer. Data 
have been gathered near Baltimore and in New England and 
the Midwest. Parties are at work now in Texas and will be 
in West-Coastal states in the spring. The analysis of the data 
has recently gotten under way, but there is nothing that can 
be reported at present. It can be said though that the device 
functions smoothly and there is every reason to believe that, 
with the information on the records, we will be able to throw 
light on points like the following: 

How serious is the impedance to traffic? — A probable index 
is the number of units and their spacing in the traffic queue 
behind vehicles crawling at different speeds. 

How serious is the induced exposure to danger? — A prob 
able index is the number of drivers who become impatient 
and try to pass. 

If a minimum speed limitation be imposed, what should it 
be? — The variation of the length of time and distance which 
passing vehicles must spend in the opposing traffic stream, 
with the crawl speed of obstructing units, may prove a pos 
sible index. 

What is the effect of vehicle type and weight class on traffic 
impedance for a given grade? 

What grades are critical in causing impedance? 

What is the effect of length of grade? 

The answers to these and other questions are necessary 
before we can make much progress in bettering a bad situa- 
tion. We should have them in the not-too-distant future. 
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Fig. | — Plastic parts used on 1939 model of one make of automobile 


Plastics and Their Uses in 
the Automotive Industry 


By Gordon M. Kline 


National Bureau of Standards 


HE year 1939 marked the 7oth anniversary of the issu- 
ance of the first United States patent describing one of 
the many varieties of compositions generally known to- 
day by the name “plastics.” Forty years elapsed before there 
appeared the first of the synthetic-resin patents which were to 
mark the seemingly unlimited diversification of the products 
of this industry. During this period of the development of 
the modern plastics industry, the automobile and airplane 
were likewise passing through their caterpillar stages toward 





{This paper was presente] at the Annual Meeting of the Society, Detroit, 
Mich., Jan. 17, 1940.) 
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The aircraft and 
motor-car industries were destined to consume a large per 
centage of the annual production of these new synthetic prod- 
ucts, and the present outlook gives promise of even more im- 
portant applications in this direction. It is in recognition of 
this latter situation that this paper on plastics was presented 
at a meeting of automotive and aircraft engineers. 

The subject of plastics has been discussed from many 
angles in review papers before engineering and scientific so 
cieties in this Country from many angles. Some have been 
concerned primarily with the chemistry! of these materials 
and others with their physical properties.* Some have dealt 
with them purely from the standpoint of fabrication®, and 
still others have considered their uses in various industries.‘ 
In response to an invitation to review developments in plas- 
tics, a new approach to this subject was sought. It was 
decided finally to present a chronological survey of the de- 
velopment of plastics in this Country, outlining the special 
properties which characterized each new material and which, 
in many instances, were there by design and not by mere 
chance alone. The important uses which have been made of 
these various plastics in the automobile and airplane will be 
recounted. 
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Cellulose-Nitrate Plastic 


The oldest of the synthetic plastics is the cellulose-nitrate 
or pyroxylin type. It is amazing that a material so hazardous 
to handle, so readily decomposed by heat, and so unstable to 
sunlight in the unpigmented form has held an important 
share of the plastics business for so many years. However, it 
has many unique properties which, until recently, have made 
it the best available thermoplastic material for many purposes. 
Newer thermoplastics in the last five years have surpassed the 
cellulose-nitrate type in volume of production, but it is sig 
nificant that the pyroxylin plastic production figures for 1937 
exceeded those of 1929 and are believed to have repeated this 
performance again in 1939. The peak in pyroxylin plastic 
production came in 1919 when nearly 34,000,000 lb were pro 
duced and sold for approximately $25,000,000. 

The discovery and preparation of cellulose-nitrate itself can 
be traced back to the early work of Braconnot in France in 
1833 and that of Schoenbein in Germany in 1845. Parkes, an 
Englishman, prepared various articles from a solution of cel 
lulose-nitrate and camphor during the period 1855 to 1865, 
but John Wesley Hyatt, an American, generally is credited 
with being the first to attempt to work with cellulose-nitrate 
as a plastic mass rather than in solution. Hyatt with his 
brother, Isaiah S. Hyatt, took out U. S. patent 91,341 in 1869 
for making solid collodion with very small quantities of sol 
vent, dissolving the pyroxylin under heavy pressure, thus 
securing great economy of solvents and a saving of time. Im 
provements in the process of mixing the pyroxylin and cam 
phor were noted in U. S. patents 105,338 issued in 1870 and 
133,229 issued in 1872 to the Hyatts. The Albany Dental 
Plate Co. was organized in 1870 to handle the first applica 
tion of the cellulose-nitrate-camphor plastic but, by Jan. 28, 
1871, the demand for the material for miscellaneous uses had 
become sufficiently great to bring about the formation of the 
Celluloid Manufacturing Co. which moved from Albany to 
Newark, its present location, in 1872. Today “Celluloid” is 
only one of a number of trade names used to designate cellu- 
lose-nitrate plastics produced by various firms in this Country. 


~ 


ellulose-nitrate plastic was one of the first to be used in 
the automobile, being employed in sheet form as windows in 
the side curtains of early models. Its flexibility and non-fragil- 
ity were important factors in this application, but its suscep 
tibility in the transparent form to ultra-violet light resulted in 
rapid deterioration of these sheets. Later in the development 
of the motor car, cellulose-nitrate plastic served as the bonding 
material for the manufacture of laminated glass, but it was 
soon superseded for this use by more light-stable transparent 
plastics. Cellulose-nitrate itself has been employed widely as 
pigmented lacquers to provide a protective and colorful coat 
ing for the metal body. 

Cellulose-nitrate plastic is available in a wide range of deco- 
rative effects and possesses many versatile working qualities. 
By means of dyes and pigments which can be incorporated in 
the plastic mass by kneading, filtering, rolling, pressing, sheet- 
ing, restacking, and resheeting, a wide variety of distinctive 
transparent and opaque colors and mottled variegated effects 
can be produced. It is formed readily into hollow articles by 
applying air or liquid pressure between heated sheets and 
blowing or expanding them to the shape of the retaining 
mold. This material can be utilized in the veneering of many 
articles by either stretching the plastic while hot, cooling so as 
to retain stresses in the plastic, and then releasing the strains 
by reheating which tends to restore the plastic to its original 
form, or by swelling the plastic in certain organic liquids 
whose absorption makes it pliable without dissolving it. Upon 
evaporation of the swelling liquid, the plastic shrinks tightly 
over the covered object. Pyroxlin plastic also is cemented 
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readily to itself and to other materials which is advantageous 
in the fabrication and assembly of many articles. Despite 
these extraordinary working qualities, cellulose-nitrate plastic 
is not well adapted to compression molding because its ther 
moplasticity makes necessary chilling of the mold before re- 
moval of the molded article, and it cannot be used in injection 
molding presses because of its sensitivity to high tempera 
tures. 

In addition, a fundamental reason for the failure of cellu 
lose-nitrate plastic as a molding compound in powder form 
is the difficulty of welding together by the application of heat 
and pressure discrete particles of cellulose-nitrate plastic con 
taining the usual proportion of plasticizer. If fragments of 
ordinary cellulose-nitrate plastic are subjected to heat and 
pressure in a mold, they are compressed into what appears to 
be a sound and homogeneous molded article, but this article 
can be broken readily down into the fragments from which it 
was formed; there is no strong weld between particles as in 
cellulose-acetate molded parts. A firm weld and a truly con 
tinuous molded article are obtainable only if the proportion 
of plasticizer to cellulose-nitrate is increased to such a concen 
tration that the mass is soft and useless for practical purposes. 

The contributions of this first synthetic plastic to the plastics 
industry have been extensive and lasting. It not only paved 
the way for the advances which have been made in the for- 
mulation and pigmentation of all thermoplastics, but it also 
supplied much of the mechanical and operative means of 





HIS paper presents a chronological survey of 

the development of plastics in this Country; 
outlines the special properties which characterize 
each material; and recounts the important uses 
which have been made of these various plastic 
materials in the automobile and the airplane. 


Of the five plastics developed before 1925 - 
pyroxylin or cellulose-nitrate, shellac, bitumen or 
cold-molded, phenolic, and casein—Dr. Kline 
shows that only one forged ahead to new records 
of production and application during the next 15 
years. More than twice that many new plastics 
had appeared and more than five times the quan- 
tity of plastics were being produced at the end of 
this period, 1940, he brings out. Cellulose acetate. 
he points out, is now employed in practically 
every make of car, and more than 200 parts are 
made of it. Despite these vast gains in the volume 
of plastics used by the automotive industry, he 
asserts that there has been little extension in the 
automotive applications of plastics since 1925. 
He believes that plastic fenders and a molded 
body still remain as the greatest prospective field 
for the extension of the use of plastics in the 
automobile. 


The paper is featured by summaries that tabu- 
late specific information about each plastic dis- 
cussed, enumerating outstanding properties, forms 
available. method of fabrication, typical applica- 
tions, and trade names and manufacturers. 











200 


S.A.E. JOURNAL 





Vol. 


46, No. 5 


(Transactions) 


manufacture and fabrication. It was the real pioneer in the 
development of the market for plastics and in many of their 
applications. 


It was first used extensively for molded electrical insulation 


about 1900 and is at present especially employed for the 
manufacture of very high voltage insulators. It was used in 





Summary of information regarding 


Outstanding Properties: — Colorability, ease of cementing, ease of 
fabrication, flammability, flexibility, thermoplasticity, trans- 
parency, toughness, water resistance. 


Forms Available: — Sheets (20 in. by 50 in. standard size), rods, 
tubes, color chips, lacquers, emulsions. 


Methods of Fabrication: — Molding by heating at 160 to 220 F 
and pressing, blowing by placing softened sheets of the mate- 
rial in a mold and forcing air between them, cutting, sawing, 
punching, drilling, drawing, turning, printing, 
polishing. 


embossing, 





Cellubose-Nitrate Plastic 


Typical Applications: — Bag frames, brushes, buckles, clock dia 

and crystals, cutlery handles, drafting instruments, fountai 
pens, piano keys, shoe eyelets and lace tips, spectacle frames 
toilet handles, toothbrush 
heel covers, 


seats, tool handles, toys, woode 


Trade Names and Manufacturers: 
Cellulo:d — Celluloid Corp., Newark, N. J. 
Vonsanto C. N.— Monsanto Chemical Co., Plastics Divi 
Springfield, Mass. 
Nixonoid — Nixon Nitration Works, Nixon, N. J. 
Pyralin—E. 1. du Pont de Nemours and Co., Inc., Plastic 
Department, Arlington, N. J. 





Shellac Plastic 

The next plastic to become of importance in this Country 
was shellac molding composition. Shellac is of natural origin, 
being produced by an insect which lives upon certain trees in 
India and Southern Asia, and has been known and utilized 
for many centuries for various purposes, such as component 
of sealing waxes, polishes, and varnishes. Some of the patents 
relating to its use in molding compositions are contemporary 
with Hyatt’s discovery of pyroxylin plastic, for example, U. S. 
patent 85,018 to Merrick in 1868 and U. S. patent 73,088 to 
Gardner in the same year. However, the first application of 
any magnitude for shellac molding composition dates from its 
use by Emil Berliner in 1895 for phonograph records. In 1888 
he had worked out the details of the method that made it 
possible to engrave a sound groove on a flat disc, but means 
of duplicating these recordings remained to be perfected in 
order to make them available in large numbers, obviously a 
problem in plastics. He tried both cellulose-nitrate and hard 
rubber, but neither of these materials was satisfactory for his 
purpose. In 1895 he turned to a plastic composition contain 
ing shellac as a binder, and soon the technique of molding 


shellac-base phonograph records was under full development. 
It remains today the largest single outlet for shellac in the 


plastic molding field. 





the ignition systems of motor cars during the period igoo to 
1910, but its low softening point and tendency to distortion 
have caused it to be replaced as an insulating material to be 
used under the hood by thermosetting resin compositions 
which can be relied upon for all-year service. Developments 
for the past twenty years have been primarily in its applica 
tion as a resinous binder tor cloth, paper, silk, mica, and other 
insulating components, and it is only in such electrical insula 
tion that shellac is employed in the automobile today. 

The properties which make it especially suitable for the 
manufacture of records are easy moldability, toughness, hard 
ness, fidelity of reproduction, low cost, and possibility of re 
using the scrap material. Its oil-proofness and excellent in 
sulating qualities are responsible for its employment for many 
electrical parts. Shellac has good resistance to arcing or track 
ing over by an electric current, and insulators that have been 
short-circuited usually remain good insulators because of the 
absence of any tracking. It is also one of a number of resins 
which exhibit characteristics of both the thermoplastic and 
thermosetting types of binders. However, the long period re 
quired to develop the cured condition limits the utilization of 
this thermal-hardening property to such products as paper 
cylinders, which can be heated for several hours at an elevated 
temperature to develop the maximum mechanical and ele 
trical strength of the binder. 





Summary of information regarding 


Outstanding Properties: — Ability to wet fibers, adhesion, arcing 
resistance, ease of molding, hardness, high gloss, high dielectric 
strength, low dielectric constant, oil resistance when cured, 
resilience. 


Forms Available: — Shellac flakes, buttons and slabs, alcoholic var- 
nishes, alkaline aqueous emulsions. 


Methods of Fabrication: — Shellac molding compositions are soft- 
ened upon a steam table and molded at 250 to 275 F under 
1000 to 3500 Ib. per sq. in. pressure, chilling the mold to about 
100 F before releasing the pressure. Injection molding is also 


feasible. 





Shellac 


Plastic 


Typical Applications: — Adhesives, dental blanks for taking im 
pressions, electrical insulation, grinding wheels, novelties, 
phonograph records, poker chips, protective coatings, therma 
insulating board 


Trade Names and Manufacturers: 
Compo-Site —Compo-Site, Inc., Newark, N. J. 
Electrose — Insulation Mfg. Co., Brooklyn, N. Y 
Harvite — Siemon Co., Bridgeport, Conn. 
Lacanite — Consolidated Molded Products Corp., Scranton, Pa 
—T. F. Butterfield, Inc., Naugatuck, Conn. 
— Waterbury Button Co., Waterbury, Conn 
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Bitumen Plastic 


The third plastic material to become industrially important 
in this Country was the bituminous type, more commonly 
known as “cold molded.” Emile Hemming was the pioneer 
in its development in the United States and introduced it on 
the market in 1909. He notes his book on “Plastics and 
Molded Electrical Insulation,” which was published in 1923, 
that his purpose was “to produce a commercial heat-resisting 
molded insulating product for extensive use, particularly in 
the electrical, the wiring device, and the automotive fields.” 
At that time, 14 years atter its inception, its output consider 
ably exceeded that of its contemporary, the hot-molded phe 
nol-formaldehyde resin. However, in 1938 Hemming wrote 
that “the production of cold molding materials in this Coun- 
try today is probably not more than 25% of its volume ten 
years ago. The one remaining advantage of cold molding ma 
terials and parts over other materials and their products in 
the plastics field today is heat resistance. If and when phenol. 
ics or other synthetic resins are compounded with equal heat 
resistance through elimination of woodflour and increased 
percentages of asbestos, even this advantage will disappear.” 

The raw materials used in the preparation of cold-molded 
plastics are asbestos, asphalts, coal tar, stearin pitches, natural 
and synthetic resins, and oils. The asbestos in the proportion 
of 70 to 80% contributes the body of the material and the 
bituminous or resinous ingredients in the proportion of 20 to 
20% function as the binder. Because of the presence of vola 
tile solvents and drying oils in the composition, the condi 
tioning and storage of the plastic prior to molding require 
close attention. This has resulted in the preparation and 
molding of the material being carried on in the same plant 
instead of its sale to custom molders. The molding is done at 
or near room temperature, usually in a single-cavity mold, 
and the pieces, after removal from the mold, are cured in elec 
trically heated ovens to drive off the volatile constituents, ox! 
dize or polymerize the oils or resins and so transform the 
plastic into a hard infusible state. The length of cure depends 
upon the size and shape of the part but, in general, the curing 
time varies from 24 to 72 hr with temperatures ranging in 
gradual steps from 125 to 425 F. The shrinkage w hich occurs 
during this baking operation prevents the maintenance of 
very close tolerances on cold-molded parts. The cold molding 
operation is faster than hot compression molding since the 
curing is not done in the mold, but the higher pressures re 
quired for cold molding and greater abrasive action of the 
mineral filler make mold maintenance much more of a prob 
lem than it is in hot molding. Battery boxes remain the one 
important application of bituminous plastics in the automo 
tive industry. 
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Phenol-Formaldehyde Resin 


The first and still the most versatile of the commercial syn 
thetic resins, the phenol-tormaldehyde condensation product, 
was described and patented in 1909 in this Country. Thus, 
both the original thermoplastic material, cellulose-nitrate plas 
tic, and the original thermosetting material, phenol-formalde 
hyde resin, were discovered and developed in the United 
States but, surprisingly enough, practically all the later cellu 
lose and synthetic resinous plastics were brought to this Coun 
try after successtul production abroad. 

Baeyer in 1872 reported that the reaction between phenols 
and aldehydes leads to the formation of resins, but no prod 
ucts of industrial interest were obtained for the next 35 years 
because of the inability of investigators to control the reaction. 
In 1909 Baekeland received the so-called “fifth-mol” patent, 
U.S. P. 942,809, in which it was indicated that a heat-harden- 
able resin could be produced by using an alkaline catalyst to 
the extent of 0.5 to 10% (equivalent to not more than 0.2 
mol per mol of phenol), and in no case above 20% of the total 
reaction mixture. The “heat and pressure” patent, U. S. P. 
942,099, provided the technique for converting this resin in a 
relatively short time into a molded article of excellent me 
chanical and electrical properties. The basic patents covering 
the preparation of solutions of this resin (U. S. P. 954,666) 
and their use in impregnating fibrous sheets to make lami 
nated products (U. S. P. 1,019,406) were issued to Baekeland 
it 1910 and 1912 respectively. 

The manufacture of “Bakelite” was begun in Dr. Baeke 
land’s Yonkers laboratory in 1907. The General Bakelite Co. 
was organized in 1910 and was merged in 1922 with the Con 
densite Co. and the Redmanol Chemical Products Co. into 
the Bakelite Corp. Since the expiration of the basic patent in 
1926, many other firms have marketed phenolic resins under 
various trade names. An important modification of this gen 
eral type of resin is the use of furfural in place of formalde 
hyde for the condensation reaction with phenol. Patents for 
the preparation of phenolic resins of this type were issued to 
F. E. Novotny and others, involving both acidic (U. S. P. 

398,142-9; Nov. 22, 1921.) and basic (U. S. P. 1,705,493-6: 
Mar. 19, 1929.) catalysts and no catalysts, and their manufac 
ture has been carried on by Durite Plastics, Inc., since 1922. 

The most general application of phenolic plastics in auto 
motive vehicles is in parts of the electric system where a good 
dielectric is required, as in distributor heads, coil parts, 
switches, and related elements. These accurately dimensioned, 
interchangeable molded parts of the ignition system, which 
remain undistorted under the heat of the adjacent engine, 
have played an important part in contributing to the trouble 
free service characteristic of the modern automobile. Chief 





Summary of information regarding 


Outstanding Properties: — Heat resistance, lower-cost raw mate- 
rials, rapid molding cycle, dimensional tolerances must be 


greater than for hot-molded compositions 
Forms Available: — Only as finished articles 


Methods of Fabrication: — Molded under pressure in cold mold: 
and cured by heating in ovens. 


Typical Applications: — Connector plugs on household electrical 





Bitumen Plastic 


equipment, handles and knobs for cooking utensils, valve 
wheels, arc shields, battery boxes. 


Trade Names and Manufacturers: 
Aico — American Insulator Corp., New Freedom, Pa 
Cetec —General Electric Co., Plastics Department, Pittsfield, 
Mass. 
Ebrok — Richardson Co., Chicago, Ill. 
Gummon — Garfield Mfg. Co., Garfield, N. J. 
Okon — American Hard Rubber Co., New York, N. Y. 
Thermoplax — Cutler-Hammer, Inc., Milwaukee, Wis 
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among the purely mechanical applications of phenol resinoids 
in the motor car is that of the camshaft gear of canvas lami- 
nated resinoid, used to silence the operation of the timing 
train. An increasing amount of phenolic resins is ‘entering 
into the composition of materials for impregnation of brake 
linings, with the advantages that accrue from substituting in- 
fusible resins for fusible materials. The automotive industry 
also makes use of phenolic-resin-bonded grinding wheels 
which, because of their higher working capacity, greatly les- 
sen labor and power costs in operation. Some of the early ap- 
plications of plastics in aircraft were simply carry-overs from 
automobile design, while others have grown out of striving 
to solve new problems. Distributor heads, magnetos, conduc- 
tor terminals, switches, instrument housings, and terminal 
sleeves are among aircraft parts being made with the use of 
phenolic materials. In airplane radio sets, panels, tube sock- 
ets, condensers, mountings, coils, binding posts, knobs, and 
dials are being made of phenolic plastics. Laminated canvas- 
phenolic material is used for cable pulleys and bushings. 
These laminated products were used about twenty years ago 
for airplane propellers, and their use for the hub portion of 
the new wood-plastic propeller was described to your Society 
at its 1939 Annual Meeting. 


Casein Plastic 

Formaldehyde-hardened casein plastic was discovered in 
Europe and its manufacture begun about 1900, but its com- 
mercial development in this Country did not get under way 
until after the original patents had expired. It is, therefore, 
considered in this chronological review of American plastics 
at this juncture rather than preceding the cold-molded and 
phenolic plastics. The French claim to have made the first 
formaldehyde-hardened casein plastics about 1893, but the 
basic patent covering the production of a tough, insoluble 
horn-like mass from casein by the action upon it of formalde 
hyde was-taken out by two Germans, Krische and Spitteler, 
in 1900, namely U. S. P. 646,844 and Ger. P. 127,942. Pro 
duction began almost immediately in Germany and France 
under the trade name “Calalith,’ meaning milk stone, and 
was followed by manufacture in England about 1914. The 
first successful casein plastic development in the United States 
was that of the Aladdinite Co. in 1919 and, by 1925, four 
other American firms were in this business. However, many 
of the applications of this material which are practical in 
Europe were found to be impracticable in this Country be- 
cause of marked variations in our climate throughout the 
year. The casein plastics industry has, therefore, declined in 





Summary of information regarding 


Outstanding Properties: — Dimensional stability, electrical insulat- 
ing qualities, heat resistance, moldability, resistance to chem- 
icals, thermal hardening, water resistance. 


Forms Available: — Molding powders of various special types, such 
as general-purpose, non-bleeding, heat-resistant, extrusion, 
high-impact, arc-resistant, closure, moisture-resistant, high- 
dielectric, acid-resistant, alkali-resistant, friction-resistant, sand- 
ing, and buffing. 


Method of Fabrication: — Molded in hardened steel molds at 280 
to 350 F and a pressure of 2000 lb per sq in. or more, the 
cure requiring 30 sec to several minutes, depending on the 
compound used and the size and shape of the piece. 





Phenolic Molding Plastic 


Typical Applications: —- Automotive and airplane parts, camera 
cases, closures, corrosion-resistant apparatus, electrical insula- 
tion, handles, housings, telephone equipment. 


Trade Names and Manufacturers: 

Bakelite — Bakelite Corp., 247 Park Ave., New York, N. Y. 

Durez —Durez Plastics and Chemicals, Inc., N. Tonawanda, 
N. Y. 

Durite — Durite Plastics, Philadelphia, Pa. 

Indur — Reilly Tar and Chemical Corp., New York, N. Y 

Makalot — Makalot Corp., Boston, Mass. 

Resinox — Resinox Corp., Division of Monsanto Chemical Co., 
Springfield, Mass. 

Textolite— General Electric Co., Plastics Department, Pitts 
field, Mass. 











Summary of information regarding 


Outstanding Properties: — Chemical inertness, durability, high ten- 
sile, compressive, and impact strengths, electrical insulating 
qualities, resistance to spotting and discoloration, translucency 
in some grades. 


Forms Available: — Sheets, rods, tubes, fabricated parts. 


Method of Fabrication: — Parts may be machined or punched from 
laminated stock; decorative laminates are sometimes furnished 
as thin veneers for cementing to less expensive cores. 


Typical Applications: — Bearings, gears, electrical apparatus, radio 
equipment, trays, table tops, refrigerator doors, wall coverings, 
doors, counter and cabinet paneling, translucent and opaque 
signs. 





Laminated Phenolic Plastic 


Trade Names and Manufacturers: 

Dilecto — Continental Diamond Fibre Co., Newark, Del. 

Formica — Formica Insulation Co., Cincinnati, O. 

Insurok — Richardson Co., Chicago, Ill. 

Lamicoid ~ Mica Insulator Co., New York, N. Y. 

Micarta — Westinghouse Electric and Manufacturing Co., Mi 
carta Division, Trafford, Pa. 

Ohmoid — Wilmington Fibre Specialty Co., East Wilmington, 
Del. 

Panelyte —Panelyte Corp., New York, N. Y. 

Phenolite — National Vulcanized Fibre Co., Wilmington, Del. 

Spauldite — Spaulding Fibre Co., Tonawanda, N. Y. 

Synthane —Synthane Corp., Oaks, Pa. 

Taylor — Taylor Fibre Co., Norristown, Pa. 

Textolite — General Electric Co., Plastics Department, Pittsfield, 
Mass. 








— 





— 
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Summary of information regarding 


Outstanding Properties: — Colorability, ease of machining, ease of 
polishing, hygroscopicity, non-flammability. 


Forms Available: — Sheets, rods, tubes, discs. 


Methods of Fabrication: — Articles are cut or ground to desired 
shapes from sheets, rods, tubes, and discs; buttons and other 





Casein Plastic 


small pieces are molded to shape and immersed in formalde 
hyde to harden the plastic chemically. 


Typical Applications: — Beads, buckles, buttons, game counters, 
novelties, trimming accessories. 


Trade Names and Manufacturers: 
Ameroid — American Plastics Corp., New York, N. Y. 
Calorn —George Morrell Corp., Muskegon Heights, Mich. 








the last decade in this Country, both in number of producing 
units and in volume of production, other than for button 
manufacture. 

The primary limitation on its more extensive use is its hy- 
groscopicity which leads to warping and cracking of the plas- 
tic when subjected to wide variations in relative humidity. In 
the early twenties it was used in automobiles as horn buttons, 
pushbuttons, and other interior accessories, but it long since 
has been supplanted by more stable materials for these appli- 
cations. 

Mention also should be made here of the research and de- 
velopment work which is under way to utilize proteins from 
sources other than milk as raw materials for plastics. Chief 
among these are soybean protein and zein obtainable from 
corn. The hygroscopicity which characterizes casein is an in- 
herent property of proteins in general and, before these mate- 
rials can be molded into useful articles of appreciable size, a 
method or reagent must be found to overcome this defect. Of 
course, the addition of a high percentage of phenolic resin 
will accomplish this end but, in such a case, it becomes largely 
a matter of which of two hygroscopic materials, cellulose 
(woodflour) or a protein, will serve best as a cheap diluent 
and reinforcing agent for the resinous molding compound. 
To date, woodflour is the only organic filler commonly used 
in powders sold on the open market. 


Five-Fold Increase Since 1925 

This brings us to 1925 in our chronological review of plas- 
tics development in the United States. Five plastics were serv- 
ing the market of that day, namely, pyroxylin, shellac, cold- 
molded, phenolic, and casein compositions. It is noteworthy 
that, of these five plastics developed during these first 55 years 
of the industry in America, only one was destined to forge 
ahead to new records of production and application during 
the period from 1925 to 1940. These I5 years were to witness 
the introduction of more than twice that many new plastic 
compositions and more than a five-fold increase in the quan- 
tity of plastics produced annually. No addition to the list of 
new materials was made in 1925, but this year did mark the 
appearance of the first periodical in the United States devoted 
exclusively to the plastics field. This periodical, Plastics, was 
the predecessor of the magazine, Modern Plastics, which 
serves the same industry today. 

The first review of the uses of plastics in the motor car, as 
noted at the 1926 Automobile Show in New York, appeared 
in the fifth issue of Plastics. The avvlications mentioned in- 
cluded balls for gearshift levers, handles on cigar lighters and 
doors, distributor, innumerable switches, frames for the inte- 


5 See Transactions of the Institute of the Plastics Industry (British), 
Vol. 8, June, 1939, pp. 7-17: “Plastics and the Motor Car,” by D. War- 


burton-Brown 


rior lights, pushbuttons, timing gears, frames for instruments, 
instrument boards, steering wheels, battery cases, windows 
and windshields, artificial leather type of upholstery, and py 
roxylin lacquers over the bodies. Considering this list, it ap 
pears that very little progress has been made in extending the 
applications of plastics in automotive construction during the 
15 years that have elapsed since that first review was pub 
lished. The materials used have changed, and a vast improve 
ment has been accomplished in the esthetic appeal and dura 
bility as well as the economical production of the various plas 
tic parts, but advances beyond merely decorative interior 
moldings have been few. Window frames, glove compart- 
ment doors, and headlamp shells have been the major contri- 
butions of recent date. Plastic fenders and a molded body 
still remain as the greatest prospective field for extension of 
the uses of plastics in the automobile. Among other potential 
applications of plastic moldings in engine and chassis accord 
ing to a recent tabulation® are the following parts: tappet cov 
ers, rocker covers, wheelcases, sump, water-pump rotor, water- 
pump bushings, oil pumps, rockers, cam wheels, chain wheels, 
fan blades, camshaft bearings, main bearings, connecting-rod 
bearings, oil seals, kingpin bushings, thrust washers, steering- 
joint bearings, gear-box and rear-axle covers, cable conduits, 
filler caps, brake cross-shaft bearings, and spring interleaves. 


Cellulose-Acetate Plastics 

A period of very active development of new plastic mate 
rials in this Country started with the appearance of cellulose 
acetate in the form of sheets, rods, and tubes in 1927. Cellu- 
lose-acetate had been known for many years prior to that 
date. Schiitzenberger in 1865 and in more detail in 1869 had 
recorded its preparation in the laboratory, and Cross and 
Bevan in 1894 had patented (U. S. P. 530,826) a process for 
making the high-acetyl chloroform-soluble type. The prepara 
tion of a plastic from cellulose-acetate was first mentioned in 
our patent literature in 1903 in U. S. P. 738,533 issued to 
A. Eichengriin and T. Becker. Other important contributions 
to the development of cellulose-acetate and plastics prepared 
from it were made by G. W. Miles who showed how to trans 
form the tri-acetate by a simple hydrolysis into a product 
readily soluble in inexpensive, non-toxic solvents, and by the 
Dreyfus brothers who perfected the process of making the 
ester from cellulose using acetic anhydride, acetic acid, and 
sulfuric acid, and its commercial conversion into fibers, sheets, 
films, and molding powders. 

The firm which pioneered in the development of pyroxylin 
plastic also introduced cellulose-acetate plastics to the Ameri- 
can market. This was accomplished by a combination in 1927 
of the Celluloid Co. with the Celanese Corp.. already a large 
nroducer and consumer of cellulose-acetate for rayon manu 
facture. For two years the new Celluloid Corp.’s cellulose- 
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Summary of information regarding 


Outstanding Properties: — Colorability, high dielectric strength, 
high impact strength, fabricating versatility, moldability, me- 
chanical strength, flexibility, transparency, thermoplasticity. 


Forms Available: — Compression molding powder, injection mold- 
ing powder, sheets, rods, tubes, films, foils. 


Methods of Fabrication: —Compression molded at 290 to 350 F 
and 2000 to 5000 lb per sq in. pressure; it must be cooled 
under pressure before removing from compression molds. In- 
jection molded in all standard machines. Many articles can 
be formed from sheet stock by hot swaging operations. Me- 
chanically shaped by milling, turning, punching, sawing, and 
drilling. High lustrous polish produced by buffing wheel or 
tumbler polishing. Dip polishing or lacquering also can be 
employed. 





Cellulose-Acetate Plastic 


Typical Applications: — Airplane cockpit enclosures, automobil: 
accessories, costume jewelry, combs and toilet articles, electri 
cal appliances, lamp shades and lighting accessories, pen an 
pencil barrels, radio parts, spectacle frames, transparent cor 
tainers, watch crystals. 


Trade Names and Manufacturers: 

Bakelite C. A.— Bakelite Corp., 247 Park Ave., New York 
m.. X: 

Lumarith — Celluloid Corp., Newark, N. J. 

Masuron —J. W. Masury and Son, Brooklyn, N. Y. 

Vionsanto C. A.—Monsanto Chemical Co., Plastics Division, 
Springfield, Mass. 

Nixonite — Nixon Nitration Works, Nixon, N. J. 

Plastacele —E.. 1. du Pont de Nemours and Co., Inc., Plastic 
Department, Arlington, N. J. 

Tenite —’Tennessee Eastman Corp., Kingsport, Tenn 








acetate plastic was available only as sheets, rods, and tubes, 
supplied for fabrication by the traditional methods used with 
pyroxylin plastic. However, in 1929 the first cellulose-acetate 
molding powder was marketed to take advantage of the 
adaptability of the powder form of this ester to molding be- 
cause of its greater heat stability and self-welding properties 
as compared with those of cellulose-nitrate. The advent of 
the injection molding press greatly increased the speed with 
which molded articles could be produced with this thermo 
plastic material. Cellulose-acetate plastics and molding pow- 
ders are now available from several commercial sources and 
have outstripped the cellulose-nitrate type in the quantity and 
dollar value of the annual production. 

Cellulose-acetate plastic is used widely at present for inte 
rior appointments of cars. This application can be attributed 
to the unlimited range of color effects that can be produced, 
an impact strength unexcelled by any other type of molding 
compound, and a ready adaptability to molding by the speedy 
and economical injection process. It is employed in practi 
cally every make of car and the total number of acetate parts 
involved is well over 200, including such items as knobs, 
handles, switches, escutcheons, steering wheels, instrument 
panels, horn buttons, dials, garnish molding, and radio cover 
panels. 

Cellulose-acetate very early (1912) found use as a safety 
photographic film to replace the hazardous cellulose-nitrate 
product. Cellulose-acetate plastic can be made completely 
non-flammable but, as ordinarily formulated for molding, 
it will burn at a relatively slow rate. Many of the applications 
of cellulose-acetate plastic have been brought about by the 
safety factor introduced by its high resistance to impact, for 
example, protective goggles, miners’ lamp housings, steering 
wheels, and oil gages. The actual mechanical toughness of 
the plastic has been responsible for its choice for screwdriver 
and saw handles, molded duck pins, and pen and pencil bar 
rels. From 1934 to 1938 cellulose-acetate practically monopo 
lized the laminated glass field because of its superiority to 
cellulose-nitrate originally used as the binder in resistance to 
ultra-violet light and general weathering but, since 1938, it 
has been replaced to a large extent by vinyl butyral resin for 
this purpose. Because of its light weight, transparency, flexi- 
bility, and resistance to impact, cellulose-acetate sheet material 
is used in place of the heavier and more fragile material, 
glass, as windows and cockpit enclosures on airplanes. 


Urea-Formaldehyde Plastics 


The appearance of the urea-tormaldehyde resinous molding 
compound on the American market in 1929 meant the exten 
sion of unlimited color possibilities into the field of thermo 
setting molding. The patent of Hanns John in 1920 (U. S. P. 
1,355,834) initiated the effort to obtain a transparent urea 
tormaldehyde resin product which would not be characterized 
by the fragility of glass. The work of Fritz Pollak and Kurt 
Ripper led to a series of patent grants pertaining to urea 
lormaldehyde resins, beginning with U. S. P. 1,458,543 in 
1923. The first commercial products of this type were mar 
keted in Europe under the trade name “Pollopas,” derived 
trom the name of one of the inventors. “Synthetic organic 
glass” appeared on the American market in 1928 under the 
trade name “Aldur,’ manufactured by the Luco Products 
Corp., now extinct. This organic glass very quickly proved 
to be impractical because of a tendency to crack spontaneously 
soon after casting. However, it was observed by Carleton 
Ellis (U. S. P. 1,905,999; April 25, 1933; cf. also U. S. P. 
1,482,357-8; Jan. 29, 1924, and U. S. P. 1,536,881-2; May 5, 
1925) that the addition to the resin of a slightly hygroscopic 
filler, either in the crude form, as woodflour, or in a purified 
state, as bleach pulp or alpha cellulose, yielded a molding 
composition which could be formed into stable articles. Two 
such urea molding powders were introduced in this Country 
in 1929, “Aldur” and “Beetle,” while another, “Plaskon,” 
which was undergoing development at Mellon Institute at 
this same time, was placed on the market in 1931. 

The uses of urea-formaldehyde molding material in the 
automobile are relatively limited which can be attributed in 
part to the fact that the fabrication of this resin has been con 
fined to compression molding. When the more rapid injec 
tion molding process is adapted to thermosetting materials, 
the color possibilities, non-softening characteristic and dimen- 
sional stability of urea plastics may change this picture. The 
translucent dome lights and rear compartment reading lights 
usually are molded of urea-formaldehyde plastics. These ma 
terials are identical in nature with that used in the reflectors 
now employed in molded home and office lighting fixtures. 
This extensive use of urea plastics in the illuminating indus 
try has resulted from their efficiency in providing a diffused 
light, plus their lightness of weight and shock resistance. The 
fact that they are insoluble, infusible, tasteless, and generally 
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chemically inert has made possible their successful use for bot 
tle closures and light weight tableware. The urea-tormalde 
hyde resins also have been introduced into the field of lami 
nated plastics in recent years in order to take advantage of 
the many stable colors in which they are available. These 
laminated products are used for doors, wall paneling in bath 
rooms, libraries, and hotel and theater lobbies, and for simi 
lar architectural purposes. 
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ish and low thermal conductivity, properties which charactes 
ize nearly all plastics, give these products an appeal to the 
sense of touch as well as to that of the eye. The electrical 
insulating properties of the cast phenolic resins are satisfac 
tory for ordinary usage. The recent development of a heat 
resistant, non-absorbent, non-reactive grade of- cast phenolic 
resin has extended its applicability to the manufacture ot cor 
rosion-resistant equipment for the process industries, such as 





Summary of information regarding 


Outstanding Properties: — Unlimited range of colors, exceller 
ight diffusion, hardness, non-fragility, absence of odor an 
taste, excellent insulating qualities including non-tracking 
haracteristic, thermosetting. 

Forms Available: — Molding powder, resins in solution 
inating and textile treating, cold-setting cements 

Methods of Fabrication: — Compression molding at 290 to 325 ] 
ind approximately 2000 lb per sq in. pressure. 

Typical Applications: — Buttons and buckles, closures, container 
Illuminated dials, dome and sidewall lenses for automobik 





Urea-Formaldehyde Plastic 


lectrical-appliance fittings, hardware trim, piano keys, refi 


rs. tableware. tovs and novelties 


Trade Names and Manufacturers: 


Bakelite Ure Bakelite Corp., 247 Park A , New York 
N. ¥ 
Beetle Beet! Products Division, American Cyanamid (¢ 


New York Cit 
Plaskon — Plaskon Co., Inc., Toledo, O 


ymite — Resinous Products and Chemical Co., Philadelphia 








Cast Phenolic Plastics 


A phenolic resinous product distinctly diflerent from the 
earlier Bakelite type in appearance, processing, and field of 
application was put on the market in 1928 by the American 
Catalin Corp. This resin is prepared in the form of a viscous 
syrup which is poured into lead or rubber molds and hard 
ened by heating. It is available colorless or colored, trans 
parent, translucent, or opaque, and can be machined, sanded, 
and brought to a high polish. The basic U. S. patents wer 
issued to Pollak and Ostersetzer (U.S. P. 1,854,600; April 19, 
1932), Ostersetzer and Riesenfeld (U. S. P. 1,858,168; May 
10, 1932), and ©. Pantke (U. S. P. 1,909,786-9 inclusive, May 
16, 1933). . 

Cast phenolics owe their popularity quite largely to thei 
beauty and decorative value, and this type of plastic is often 


referred to as the “gem of modern industry.” However, their 
widening use also has been brought about by their ease of 


fabrication and other favorable properties. Their smooth fin 


for impeller and rotor parts of pumps and for piping. The 
automotive uses of cast phenolic resins are confined to orna 
mental items, for example, radiator emblems and gearshift 


balls. 
Vinvl Resin Plastics 


The polyvinyl ester resins have been known tor over a hun 
dred years, but their commercial development in this Country 
began only about 10 years ago. The most important of these 
resins industrially are polyvinyl acetates, polyvinyl chlorides, 
copolymers of vinyl chloride and vinyl acetate, and the poly 
vinyl acetals. The formation of a resin from viny! acetate, 
particularly. in the presence of oxides or peroxides, was re 
corded by Klatte and Rollett in U. S. P. 1,241,738, dated Oct. 
2, 1917. Preparation of polyvinyl chlorides of various solu 
bilities was described by Ostromislensky in U. S. P. 1,721,034 
of July 16, 1929. A method for making the important copoly 
mer was claimed by Lawson in U. S. P. 1,867,014, issued July 


12, 1932. The hydrolysis of polyvinyl acetate and reaction of 





Summary of information regarding 


Outstanding Properties: — Colorability from transparency to 
opacity, machinability, satisfactory mechanical strength, non 
flammability, rigidity. 


Forms Available: — Sheets, rods, tubes, blocks, special castings, 
liquid resins for casting, liquid cements. 


Methods of Fabrication: — Castings are fashioned to the finished 
product by standard machining operations including sawing, 
drilling, threading, carving, embossing, turning, milling, but 
ting, and polishing. Heat-setting liquid resins are poured into 
rubber, glass, or lead molds, and cured by heating for 48 hr 
at about 175 F. 





Cast Phenolic Plastic 


Typical Applications: — Advertising signs and displays, brush 
backs, costume jewelry, clock cases, game counters and pieces, 
novelties, radio housings, lighting fixtures, industrial adhe 
sives, laminating varnishes. 


Trade Names and Manufacturers: 

Bakelite C. P.— Bakelite Corp., 247 Park Ave., New York, 
N. Y. 

Catalin — Catalin Corp., New York, N. Y. 

Gemstone — A. Knoedler Co., Lancaster, Pa 

Marblette —Marblette Corp., Long Island City, N. Y. 

Monsanto C. P.—Monsanto Chemical Co., Plastics Division, 
Springfield, Mass. 
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Summary of information regarding 


Outstanding Properties: 

Polyvinyl acetate: Clarity, adhesiveness, non-toxicity, absence 
of odor and taste, zero acid number. 

Polyvinyl chloride: Chemical resistance, moisture resistance, 
non-toxicity, absence of odor and taste, toughness. 

Polyvinyl acetate-chloride copolymer: Chemical resistance, col- 
orability, dimensional stability, non-toxicity, absence of 
odor and taste, toughness, water resistance. 

Polyvinyl butyral: Adhesiveness, moisture-resistance, tough- 
ness at winter and summer temperatures, transparency. 


Forms Available: — Granular powders, sheets, molding compounds, 
interlayer sheeting in rolls for laminated glass manufacture, 
extruded tubing. 


Methods of Fabrication: — For adhesive purposes these resins may 
be applied from solution or as hot melt. Compression or in- 
jection molded at usual pressures, keeping temperature within 
the limits 250 to 300 F. These resins are thermoplastic and 
hence must be cooled before removal from compression molds. 
Bonded to glass by application of heat and pressure in oil 
baths, © 

Typical Applications: 

Polyvinyl acetate: Adhesives, inks, metallic paints, plastic 
wood-filled compositions, molded articles. 

Polyvinyl chloride: Cable coverings, coated fabrics, impreg- 
nated tape, molded articles, tank linings. 





| Vinyl Resin Plastic 


Polyvinyl acetate-chloride copolymer: Cement coatings, film 
floor tiles, metal coatings, radio parts, sound records, stor 
age batteries, plating tanks, wallboard coatings 

Polyvinyl butyral: Laminated glass. 


Trade Names and Manufacturers: 
Polyvinyl acetate: 
Gelva — Shawinigan Products Corp., New York, N. \ 
Vinylite A—Carbide and Carbon Chemicals Corp., N 
York, N. Y. 
Polyvinyl chloride: 
Koroseal — B. F. Goodrich Co., Akron, O. 
Vinylite OQ —Carbide and Carbon Chemicals Corp., N 
York,-N. Y. 
Polyvinyl acetate-chlorid« copolym« r 
Vinylite V —Carbide and Carbon Chemicals Corp., N 
York, N. Y. 
Polyvinyl butyral (sheet plastic for satet 
Butacite —E. 1. du Pont de Nemours and Co., It Plasn 
Department, Arlington, N. J. 
Butvar — Monsanto Chemical Co., Plastics Division, Spr 
field, Mass. 
Vinylite X —Carbide and Carbon 


(Vinal) York, N. Y. 


Chemicals C 








the resulting gummy product with an aldehyde according to 
Skirrow and Morrison in U. S. P. 1,971,951 of Aug. 28, 1934, 
yields a harder, tougher, and stronger resin than the original 
polyester. 

The vinyl ester resins were first made in the United States 
by the Carbide and Carbon Chemicals Corp. under the trade 
name “Vinylite” in 1928. The polyvinyl acetates were being 
manufactured at about this same time in Canada by Shawini 
gan Chemicals Ltd., under the trade name “Gelva.” The 
manufacture of the polyvinyl acetal type of resin has only re 
cently been undertaken, but the outstanding superiority of 
the polyvinyl butyral for use as a plastic binder in safety glass 
resulted in three firms installing plants for making it during 
1937-38, namely, Carbide and Carbon Chemicals Corp., E. I. 
du Pont de Nemours and Co., Inc., and the Shawinigan 
Resins Corp., which is a joint subsidiary of the Monsanto 
Chemical Co. and Shawinigan Chemicals Ltd., of Canada. 
Vinyl formal resin, made by Shawinigan Chemicals Ltd., 
of Canada under the trade name “Formvar,” is used by 
the General Electric Co. in its new “Formex” coating for 
insulated wire, which is reported to be superior to the cus- 
tomary enamel coatings in flexibility and toughness. Manu- 
facture of the vinylidene chloride resin, having two chlorine 
atoms per unit monomer instead of only the one as in vinyl 
chloride, was initiated in 1939 by the Dow Chemical Co. 
under a series of patents issued on June 6, 1939, namely, 
U. S. P. 2,160,903-4 and 2,160,931-48. Its primary applica 
tions appear to be in electrical insulating coatings and as 
fibers. The copolymer of vinyl acetate and vinyl chloride is 
also suitable for the manufacture of a chemical-resistant syn 
thetic fiber, as described in U. S. P. 2,161,766, and the Carbide 
and Carbon Chemicals Corp. made arrangements during 1939 
to supply the resin to the American Viscose Corp. for conver 
sion into continuous filament yarns and staple fiber. 

Aside from the use of large quantities of laminated glass 
containing the vinyl butyral resin, the automotive industry 


takes very littl of the annual output of vinyl resins. They 
find their most important applications in the manutacture ot 
floor tling, phonograph records, coatings for concrete and 
metals, can linings, adhesives, and electrical insulation. The 
transparent sheets of vinyl copolymer resin which becam« 
available commercially during 1939 should find extensive uses 
as a non-fragile and weather-resistant window material tor 
applications out of doors. The sheets are resistant to oxida 
tion and crazing, and are not affected by moisture or sunlight. 
By the use of special plasticizers they can be made resistant 


to oils, greases, gasoline, and alcohol. 


Stvrene Plastic 


Polystyrene is one of the oldest known synthetic resins, ha 
ing been prepared by Simon in 1839, only eleven years after 
Wohler laid the foundations of synthetic organic chemistry by 
making urea in the laboratory. Its industrial development in 
the United States has been comparatively slow because meth 
ods of producing styrene economically and of sufficiently high 
purity to obtain transparency and durability have been pet 
tected only recently. The Naugatuck Chemical Co. marketed 
the resin under the trade name “Victron” in 1930 on the basis 
of patents issued to Ostromislensky (cf. U. S. P. 1,683,403; 
Sept. 4, 1928), but this product was never crystal clear nor 
available at a price which would permit competition with 
other thermoplastics. In 1937 the Dow Chemical Co. mad 
available a synthetic monomeric styrene of high purity and a 
corresponding polymeric product “Styron” in clear, transpai 
ent form. The Bakelite Corp. also announced the availability 
ot “Bakelite Polystyrene” this same year. 

The most significant properties of polystyrene are its low 
power factor and practically zero water absorption. Thes« 
remarkable properties make styrene resin exceptionally well 
suited for radio frequency insulation, being in the same class 
as fused quartz for this purpose and definitely superior to any 
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other resin thus far developed. Its transparency and ability to 
transmit light around curved sections are responsible for most 
of its other uses, such as windows for refrigerating equip 
ment, rods for indirect lighting of instrument panels, and 
lenses for safety goggles. The resin is resistant to moderately 
strong acids, alkalies and alcohol, and is heat stable. It has 
been used to some extent in automobiles and aircraft as trans 
parent dials and for indirect lighting of amperage, oil, tem 
perature, fuel and mileage indicators. 
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both the sheet and molding compound on the market in 1937 
under the trade name “Lucite”; “Crystallite,” the molding 
compound of the Réhm and Haas Co., became available in 
1935. 

The polymers of acrylic and methacrylic acid derivatives 
are characterized by colorless transparency, adhesive qualities, 
elasticity, and stability to light, moderate heat, and weather 
ing. They have been used as automobile radiator emblems 
and as a non-hazardous substitute for glass in goggles. In the 





Summary of information regarding 


Outstanding Properties: — Crystal clarity, ease of molding, electri- 
cal qualities, low specific gravity, low water absorption, resis- 


tance to chemicals, dimensional stability, thermoplasticitv. 


Forms Available: — Molding 


OWdCI 


Methods of Fabrication: 


to 20.01 lb 


Injection molded at to 450 F and 


per sq in. pressure 





Polystyrene Plastic 


Typical Applications: — Bottle closures, radio parts, retrigerato 
trim, television parts, transparent automotive accessories. 


Trade Names and Manufacturers: 


Bakelite Polystyrene — Bakelite Corp., 247 Park Av New 
York, N. .¢ 

Monsanto Polystyrene — Monsanto Chemical Co., Plastics Di 
sion, Springfield, Mass. 

Styron — Dow Chemical Co.. Midland, Micl 








Acrylic Resin Plastics 


The acrylic type of resin is another example of a synthetic 
plastic which has been known to chemists for many years, 
but which has become available in quantity only through an 
intensive development characteristic of present-day industrial 
research. R6hm in Germany did much of the fundamental 
work on the synthesis and polymerization of the acrylic acid 
derivatives. The acrylic resins were first prepared in this 
Country industrially by the Réhm and Haas Co. in 193 


and are sold 


under the trade 


names “Acryloid” and 
“Plexigum” for coatings and laminated glass binder, respec 
tively. The better known and very interesting derivative of 
methacrylic acid, polymethyl methacrylate, is a product of 
more recent origin. Two of the many patents pertaining to 
the preparation of this colorless, transparent resin are those of 
Neher and Hollander, U. S. P. 1,937,323, dated Nov. 28, 1933, 
and R. Hill, U.S. P. 1,950,483, dated Nov. 13, 1934. Methyl 
methacrylate resin was introduced on the market in trans 
parent sheet form in 1936 by the R6éhm and Haas Co. 


as “Plexiglas”; F. I. du Pont de Nemours and Co. placed 


> 


automotive display field it has been used in fabricating a 
transparent body through which the motor and chassis con 
struction are clearly visible. The airplane industry has found 
the cast methyl methacrylate sheets particularly well adapted 
to its requirements, because of their lightness, weathering 
resistance, non-fragility and clarity, and employs them in land 
ing light covers, gun turret and cockpit enclosures, and in 
windows and windshields. Its optical properties make it suit 
able for spectacle lenses, camera lenses, edge-lighted signs, and 
molded reflectors for indirect highway lighting. This type of 
resin has been found to be preéminently suited for dentures. 
In addition to being readily pigmented to simulate the color 
of the mouth tissues and possessing the necessary toughness 
and resistance to water, acids, and alkalies, the temperature 
range in which it can be formed satisfactorily in the plaster 
molds employed in the dental laboratories is not as restricted 
as it is for other resins in current use for the same purpose. 
The acrylic resins are also finding applications as protective 
coatings, finishes for leathers, impregnating agents for tex 
tiles, and as adhesives. 





Summary of information regarding 


Outstanding reflection 


stability, rigidity, 
resistance, 


high internal 
edge-lighting, dimensional 


water resistance, 


Properties: — Colorability, 


making possible 
transparency, weather 
Forms Available: — Cast sheets, rods, and tubes, granular solids, 
molding powders for compression and injection molding, and 


solutions in aqueous and organic solvents. 


Methods of Fabrication: — Casting: 
rods, and 


molding; or bending sheets, 


bars to simple and three-dimensional 


when warmed to 180 to 250 F. 


curvature 





Acrylic Plastic 


Typical Applications: — Adhesives, 
tive articles, dentures, displays, 


airplane windshields, decor 


illuminated signs, lenses 
tective coatings, reflectors for highway lighting. 


Trade Names and Manufacturers: 
icrylotid — Resinous Products and Chemical Co., Philad 
Pa. 
Crystallite —Roéhm and Haas Co 
Plexiglas —R6hm and Haas Co., Philadelphia, Pa 
Lucite —E. 1. du Pont de Nemours 
partment, Arlington, N. J. 


, Philadelphia, Pa 


“age = : 
and Co., Inc., Plast 2) 
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Summary of information regarding 


Outstanding Properties: — Compatibility with plasticizers and 
resins, low water absorption, thermoplasticity, weather resis- 
tance. 


Forms Available: — Molding compounds, sheets, flakes, 
granules. 


or 





Cellulose-Acetate Butyrate Plastic 


Methods of Fabrication: — Compression and injection molding 
Typical Applications: — Exterior automobile accessories, fishermes 
equipment, handles and housings for outdoor uses. 
Trade Names and Manufacturers: 
Hercose C — Hercules Powder Co., Wilmington, D 
Tenite I1— Tennessee Eastman Corp., Kingsport, Tent 








Cellulose Mixed Ester Plastics 


The use of propionic, butyric and other fatty acids higher 
in the series than acetic acid for esterifying cellulose has been 
under consideration for some years. The most practical and 
economical way to obtain the advantageous properties which 
these higher molecular weight acids contribute has been 
found to be in the production of mixed esters. Cellulose 
acetate propionate and cellulose-acetate butyrate are now in 
production in this Country. One of the early patents pertain 
ing to their manufacture was issued to Clarke and Malm 
(U.S. P. 1,880,808, Oct. 4, 1932). The Hercules Powder Co. 
introduced the cellulose-acetate butyrate on the market in 
1932 as “Hercose C” for use in protective coatings and fol 
lowed it in 1937 was “Hercose AP,” the cellulose-acetate 
propionate, made in collaboration with the Tennessee Eastman 
Corp. The latter firm brought out a cellulose-acetate butyrate 
molding composition in 1938 and designated it as Tenite II, 
the original “Tenite” being their cellulose-acetate molding 
compound. 

Cellulose-acetate butyrate compositions are superior to cel 
lulose-acetate plastics in weathering resistance and freedom 
from warping. On continuous immersion it absorbs about 
one-half as much water as cellulose-acetate. The requisite 
plasticity for molding of cellulose-acetate butyrate can be 
produced with a relatively low percentage of plasticizer and 
with comparatively non-volatile and water-insoluble _plasti 
cizers which aids materially in improving the resistance of 
this plastic to distortion under varying conditions of temper 
ature and humidity. It is soluble in a wider range of solvents 
and more compatible with resins and plasticizers than is 
cellulose-acetate. Its toughness and mechanical strength are 
equal to those of the cellulose-acetate plastics. A potential 
disadvantage is the liberation of butyric acid, with its accom 
panying disagreeable odor, if molded above the temperature 
at which the ester is stable or if subjected to conditions lead 
ing to hydrolysis. The applications of cellulose-acetate butyrate 


plastic are primarily such as result from its combination of 
toughness and resistance to weathering. Automobile taillights, 
for example, are being molded of this material. Automobile 
emblems, direction indicators, and fender guides are other 
obvious applications. An airplane dope to replace the hazard 
ous cellulose-nitrate product with its ready ignitability and 
rapid rate of burning can be formulated with cellulose-acetate 
butyrate as the film-forming base. 


Ethyleellulose 


The first cellulose ether to be made commercially in this 
country was ethylcellulose. This material was first proposed 
as an industrially usetul product in 1912 by Leuchs in 
Germany, Lilienfeld in Austria, and H. Dreyfus in France. 
Lilienfeld was granted U. S. P. 1,188,376, dated June 20, 1916, 
tor making ethylcellulose and U. S. P. 1,217,027, dated Feb. 
20, 1917, for its use in a plastic composition. The Hercules 
Powder Co. began making it in this Country in 1935 and the 
Dow Chemical Co. also undertook its manufacture in 1937 
marketing their product under the trade name “Ethocel.” 
Another cellulose ether, methylcellulose, was announced by 
the Dow Chemical Co. as available to the trade late in 1939, 
to be known as “Methocel.” 

Ethylcellulose plastic has not as yet come into general use 
for aircraft or automotive parts. Its chief applications to date 
have been in protective coatings, adhesives, paper and fabric 
coatings, and wire insulation. However, its ready compati- 
bility with resins and plasticizers permits the formulation of 
compositions which have reasonable hardness, resistance to 
shock and cold flow, and low moisture-absorbing capacity, 
and which should find many uses based on these favorable 
properties. Methylcellulose is water-soluble, odorless, tasteless, 
and non-toxic, and yields films which are grease-proof and 
highly flexible. Its properties indicate possible uses as a dis 
persing, thickening, and emulsifying agent, a sizing material, 
and for coating purposes. 





Summary of information regarding 


Outstanding Properties: — Electrical resistance, low temperature 
flexibility and toughness, compatibility with resins and _plasti- 
cizers, thermoplasticity, stability to heat. 


Forms Available: — White granules of various viscosity types. 


Methods of Fabrication: — Compression and_ injection molded, 
extrusion. ; 





Ethylceblubose Plastic 


Typical Applications: — Adhesives, cable coatings, extruded wire 
insulation, injection molded articles, hot-melt coatings for 
paper and cloth, pigment grinding base, protective coatings 


Trade Names and Manufacturers: 
Ethocel —-Dow Chemical Co., Midland, Mich 
Hercules Ethylcellulose — Hercules Powder Co., Wilmington, 
Del. 
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Lignin Plastics 


The utilization of waste wood and sawdust for the produc- 
tion of molding compositions has been the objective of a 
considerable number of investigators for the past ten years. 
Wood contains approximately 25% of lignin, a complex 
highly-reactive organic compound which forms resinous sub- 
stances when heated with phenols, aldehydes, and amines. 
Some of the early patents for such resinous products are those 
of Novotny and Romieux (U. S. P. 1,721,315; July 16, 1929), 
Phillips and Wiehe (U. S. P. 1,750,903; Mar. 18, 1930), 
Novotny and Kendall (U. S. P. 1,886,353; Nov. 1, 1932), 
S. W. Prentiss (U. S. P. 1,892,409; Dec. 27, 1932), and 
Sherrard and Beglinger (U. S. P. 1,923,756; Aug. 22, 1933, 
and U. S. P. 1,932,255; Oct. 24, 1933). In 1937 a lignin plastic 
first became available under the trade name “Benaloid.” This 
was manufactured by the Masonite Corp., Laurel, Miss., in 
sheet form for laminating on the basis of U. S. P. 2,080,078, 
dated May 11, 1937, to W. H. Mason, R. M. Boehm, and 
W. E. Koonce. The development of lignin molding compo- 
sitions (U. S. P. 2,077,884; April 20, 1937) of both the ther- 
moplastic type for injection and impact molding and _ the 
thermosetting type involving curing reactions in the mold was 
announced in 1939 by the Marathon Chemical Co., a Division 
of the Marathon Paper Mills Co., Rothschild, Wis. In impact 
molding the composition is preheated, placed in a mold, and 
given a quick blow, such as is delivered by a punch press. 

Sheets of lignin plastic can be surfaced with synthetic resins 
in various colors or can be left with a lustrous black finish for 
industrial applications not requiring color. This material is 
made in thicknesses from 0.1 to 1.0 in. and is normally fur- 
nished only in flat panels. Its dielectric properties are favor- 
able for ordinary insulation purposes. It may be drilled, 
tapped, or turned readily. The possible commercial applica- 
tions of this type of plastic have just begun to be explored. 
The low cost of the necessary ingredients makes this plastic of 
interest for industrial applications which require large quan 
tities of material, such as certain automotive parts, building 
units, furniture, and wall paneling. 


Alkyd Resins 


A survey of plastics used in the automotive industry would 
not be complete without mention of the alkyd resins. They 
are used primarily as coating materials which, incidentally, is 
the largest single outlet for synthetic resins. Over 40,000,000 
lb of these resins were produced in 1938. They are made by 
the esterification of polybasic acids with polyhydric alcohols. 
The resin formed by the reaction of phthalic anhydride and 
glycerol is the best known example. In addition to the pure 
alkyds of this type, there are many modifications, some of 
which are the most widely used industrially, such as the 
phenol-modified alkyds, oil-extended alkyds, and natural-resin 
modified alkyds. 


The formation of a glyceryl-phthalate resin was first re 
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corded by Watson Smith in 1go1. In 1914 a group of patents 
were issued to M. J. Callahan (U. S. P. 1,108,329-30; Aug. 25, 
1914), W. C. Arsem (1,098,776-7; June 2, 1914), and L. H. 
Friedburg (U. S. P. 1,119,592; Dec. 1, 1914), and assigned to 
the General Electric Co. In 1918 the Gibbs and Conover 
patent (U. S. P. 1,285,117; Nov. 19) provided a relatively 
cheap method of producing phthalic anhydride from naphtha 
lene, and intensive development of the alkyd resins was.begun 
shortly thereafter by the General Electric Co. They placed 
such resins on the market in 1926 under the trade name 
“Glyptal.” Manufacture of alkyd resins was started by the 
American Cyanamid Co. in 1928 using the trade names 
“Rezyl” and “Teglac,” by the E. I. du Pont de Nemours and 
Co. in 1929 under the name “Dulux,” and by the Resinous 
Products and Chemical Co., with “Paraplex” in 1930 and 
“Duraplex” in 1934. 

These resins were soon adopted by the automotive industry 
for finishing the bodies and fenders of motor cars. At first 
large quantities of the alkyd resins were introduced into the 
cellulose-nitrate lacquers to obtain better adhesion and dimin 
ish the porosity of the cellulose-nitrate films. Later develop 
ments led to the use of an all-resin lacquer which was char 
acterized by improved durability, retention of luster, and low 
cost, owing to the fact that cheap solvents could be used in its 
formulation. Varnishes and enamels made from alkyd resins 
modified by the addition of drying oil to the reaction mixture 
may be either air-drying or baking types. These finishes are 
characterized by rapidity of drying, good durability outdoors, 
excellent flexibility, tenacious adhesion, and good electrical 
insulating qualities. 


Coumarone-Indene Resin 


The final group of synthetic plastics to be considered in 
this review is made up of the coumarone-indene resins, which, 
for reasons stated hereafter, are useful in molding compounds 
only as adjuncts to other binders. This class of synthetic 
resins had its beginning in 1890 in the work of Kraemer and 
Spilker, who isolated coumarone and indene from certain 
coal-tar light-oil fractions and polymerized them by sulfuric 
acid to form resins. In commercial practice the raw materials 
are not separated from the naphtha fraction, but are converted 
directly to mixed polymeric products ranging’ from viscous 
liquids to high-melting solids and available in colors from 
pale-yellow to dark red-brown and black. Among the early 
United States patents were those issued to F. W. Sperr, Jr.. 
and M. Darrin (U. S. P. 1,263,813; Apr. 23, 1918; U. S. P. 
1,296,776; Mar. 11, 1919); M. Darrin (U. S. P. 1,297,328: 
Mar. 18, 1919); and S. P. Miller (U. S. P. 1,360,665; Nov. 30, 
1020). The manufacture of this type of resin under the trade 
name “Cumar” was undertaken in 1919 by the Barrett Co. 
and in 1929 the Neville Co. also marketed such resins under 
the trade name “Nevindene.” 


Statistics on the production of coumarone-indene resins are 





Summary of information regarding 


Outstanding Properties: —Chemical resistance, high electrical 
breakdown, low power factor, low viscosity in solution, non- 
saponifiability, specific gravity of 1.08 to 1.14, thermoplasticity, 
wide range of solubility. 


Forms Available: — Viscous liquids to high-melting solids. 





Coumarone-Indene Resins 


Typical Applications: — Mastic floor ule, paper impregnation, pro 
tective coatings, rubber compounding, transcription records 


Trade Names and Manufacturers: 
Cumar — Barrett Co., 40 Rector St.. New York, N. ¥ 
Nevindene — Neville Co., Neville Island P. O., Pittsburgh, Pa. 
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not reported by the Tariff Commission because of the limited 
number of manufacturers. However, it was estimated that 
the annual production in 1935 was 8,000,000 |b, and the out- 
put is said to have increased appreciably in recent years, 
making this type of synthetic resin among the most important 
on the market. The low softening points and brittleness of 
these resins have prevented their use as binders for molding 


compounds by themselves, but they are extensively used as 
plasticizing agents and “tackifiers’” with various organic bind 
ing materials in rubber compounding, floor-tile compositions, 
and other industrial applications. Their use in the automotive 
industry is chiefly as softening materials for use with rubber 
in tire compounds and with the synthetic rubber-like resins, 
Neoprene and “Thiokol,” in hose, gasket and related parts. 





1870 Cellulose Nitrate 

1895 Shellac Composition 

1909 Bitumen Composition 

1910 Phenol-Formaldehyde Resin 
1912 Phenol-Formaldehyde Resin 
1919 Casein 

1919 Coumarone-Indene Resin 
1922 Phenol-Furfural Resin 

1926 Alkyd Resins 

1927 Cellulose Acetate 

1928 Phenol-Formaldehyde Resin 
1928 Urea-Formaldehyde Resin 
1928 Vinyl Ester Resins 

1929 Urea-Formaldehyde Resin 
1929 Cellulose Acetate 

1930 Styrene Resin 

1931 Acrylic Resins 

1932 Cellulose Acetate Butyrate 
1935 Ethylcellulose 

1936 Methyl Methacrylate Resin 
1937 Vinyl Butyral Resin 

1937 Methyl Methacrylate Resin 
1937 Lignin Plastic 

1937 Styrene Resin 

1937 Cellulose Acetate Propionate 
1938 Cellulose Acetate Butyrate 
1939 Vinylidene Chloride Resin 
1939 Methylcellulose 





Summary of Commercial Development of Plastics in the United States 


Sheets, rods, tubes 

Molding compound 
Cold-molding compound 
Molding compound 
Laminates 

Sheets, rods, tubes 

. Protective coatings, adhesives 
Molding and laminating compounds 
Protective coatings 

Sheets, rods, tubes 

Cast sheets, rods, tubes 

Cast transparent sheets 
Protective coatings 

Molding compound 

Molding compound 

Opaque molding compound 
Protective coatings 

Protective coatings 

Protective coatings 

Cast sheets 

Binder for safety glass 
Molding compound 

Sheets 

Transparent molding compound 
Protective coatings 

Molding compound 

Coatings and extruded tubing 
Adhesives and coatings 








Methods of Molding 


“For all plastics like rubber, celluloid, resins, and so on, the 
molding problem is a very important one. Several substances 
which otherwise might be very valuable are useless now 
because they cannot be molded economically. The addition 
of camphor and a small amount of solvent to cellulose-nitrate 
was a master-stroke, because it allowed quick and economic 
molding. In the same way white sand or silica would be an 
ideal substance for a good many purposes, could it be com- 
pressed easily or molded into shape and into a homogeneous 
mass. But it cannot; and therefore remains worthless. And 
that is the main difference between a plastic and a non 
plastic.” These words of Dr. Baekeland®, spoken in rgog, 
emphasize the importance of the molding phase of the plastics 
industry to its general progress. Fortunately the art of mold- 
ing has received the attention of inventors quite as much as 
have the plastic materials during the past thirty years, and 
these advances have been important factors in the increased 
use of plastics by the automotive industry. A brief review of 
these developments will, therefore, be presented as the con- 
cluding section of this paper. 


@ See Industrial and Engineering Chemistry, Vol. 1, 1909. vp. 149-161: 
“The Synthesis, Constitution, and Uses of Bakelite,” by L. H. Baekeland 


Compression Molding 


The discovery of the fundamental principle involved in the 
operation of the hydraulic press is generally conceded to have 
been made by Pascal in 1653. The adaptation of this principle 
to a practical machine is credited to Bramah in 1795. Little 
industrial use was made of it until after the discovery of the 
vulcanization of rubber by Goodyear in 1839. <A simple 
hydraulic press of rod type, between the platens of which a 
two-piece mold was inserted and removed by hand, was 
developed for handling the manufacture of rubber products 
and was subsequently employed for molding the thermo- 
plastics, pyroxylin and shellac. This elementary design of 
“hand-molding” press was used for some seventy years without 
appreciable change other than the substitution of solid side 
frames in place of rods and it is still employed for production 
jobs in which the quantity of molded pieces required is very 
limited and for which the mold is light enough to be handled 
manually. 

The advent of the phenolic thermosetting resin in 1909 
provided the stimulus for introducing features in the com 
pression molding press which would increase the output from 
a given mold. The semi-automatic press was developed in 
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Fig. 2 — Small electrically driven 

automatic compression molding 
machine for molding small plas- 
tic parts of limited quantity 
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Fig. 3 -— Conventional hydraulic type of automatic compression molding machine that 


which the molds were mounted on the platens, thus providing 
for their mechanical opening and closing. Pins also were 
provided which automatically ejected the piece from the mold. 
In later stages the application of, first, a low closing pressure 
and, thereatter, the requisite high molding pressure was han 
died automatically, as was also the timing of the pressing 
operation. However, manual removal of the ejected piece, 
cleaning of the mold, and loading of the plastic into the die 
cavities still requires the attention of an operator in this type 
of press. This semi-automatic press is still the main item of 
equipment for compression molding in most molding plants 
in this Country, 

\ variation in the semi-automatic compression molding 
press was introduced about 1918 to meet the requirements of 
molding parts with metal inserts. Loading and inspection ot 
inserts in the half of the mold attached to the upper hori 
zontal platen was a time-consuming and inaccurate job. A 
movable upper platen was developed which presents the top 
die in a vertical, easily accessible position and makes the 
placing of inserts a relatively simple matter. This tilting-head 
type of press ordinarily uses long narrow platens to reduce the 
necessary movement of the ram to open it and to facilitate 
loading. The convenience and visibility provided by th 
tilting-head press have, in many instances, justified its selec 
tion for general purpose molding as well as for the special job 
of insert molding. 


Realization of the fully automatic compression molding 
press has come about only in the last two years, largely as a 
result of the competition of the speedier and automatic injec 
tion molding units. Firms which have developed equipment 
for automatic compression molding include the F. J. Stokes 
Machine Co., the Watson-Stillman Co., the Closure Division 
of the Owens-Illinois Glass Co., and the Boonton Molding 
Co. These presses perform all the operations of routine mold 
ing of thermosetting plastics, consisting in measuring the 


uses two sets of multi-cavity molds 


charge of molding powder, preheating it, loading it into 
cavities, closing the mold, opening it slightly tor “breathing,” 
that is, expulsion of gases, closing it again for a predetermined 
curing period, opening the mold, ejecting the finished pieces, 
blowing flash from the cavities and plungers, and then repeat 
ing this cycle hundreds and thousands of times with the only 
manual labor required being to keep the hopper supplied with 
the molding powder. 

The Stokes Machine Co. has two models available in auto 
matic compression molding machines. Fig. 2 shows the small, 
electrically driven 15 or 25-ton capacity mechanical press for 
small parts and limited quantities. The other, shown in 
Fig. 3, is a conventional hydraulic-ttype machine designed to 
use two sets of multi-cavity molds. While the material in one 
mold is being pressed and cured, the other mold is outside the 
platens of the press for ejection of the molded parts and 
reloading with molding compound. The Watson-Stllman 
machine (Fig. 4) has both horizontal and vertical rams so 
that split molds can be used without special handling. The 
force plugs are raised with the vertical ram and the die cavity 
is opened by the horizontal ram. The vertical ram also can 
move laterally so that, when molded parts are loosened from 
it, they fall clear of the stationary half of a split mold. Th« 
base of the press contains an oil reservoir, cooling coils, and 
a pump of the double-unit type to supply large-capacity low 
pressure and small-capacity high pressure. The Owens-Illinois 
Glass Co. has developed the Lauterbach rotary automatic 
press, modeled basically after the rotary preforming presses in 
common use, but carrying under each die individual hydraulic 
cylinders which are operated from a central power well. The 
loading, curing, and discharge of each mold are completed in 
one revolution. The Boonton Molding Co. uses a standard 
compression molding press and adds automatic feed, control. 
ejection, and mold-cleaning equipment, including a device to 
remove the flash from the molded part automatically. 
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Fig. 4—Fully automatic side ram press that has both hori- 
zontal and vertical rams so that split molds can be used 
without special handling 


These automatic compression molding machines, arriving 
about roo years after the initial industrial use of the hydraulic 
press, represent a revolutionary advance in the plastic molding 
field. They not only reduce the labor cost but they eliminate 
the human errors that give rise to faulty moldings. Con- 
trolled preheating and exact timing of the cure of the resin 
produce molded parts of greater uniformity of dimension and 
superior mechanical, chemical, and electrical properties. The 
reduction to a minimum of the initial investment in presses 
and molds required for a given output and of the percentage 
of rejects means lower unit costs and hence an increase in the 
number and types of parts that profitably can be molded of 
plastics. 


Injection Molding 


The industrial history of the injection molding machine in 
the United States is only about five years old, a fact which 
seems almost incredible when one looks at the huge 1939 
model capable of taking a mold 3 by 4 ft in cross-section and 
turning out four 36-0z moldings every minute. The need for 
the injection molding machine came with the commercial 
development in 1929 of the heat-stable thermoplastic molding 
material, cellulose-acetate, which required an uneconomical 
chilling period when molded by conventional compression 
methods. The cellulose-acetate plastic, however, could be kept 
hot for a relatively long period in a heating chamber and 
injected hot into a cold mold, wherein it cooled in a few 
seconds to a temperature at which it would maintain its shape 
and hence could be ejected from the mold. At the close of 
1935 there 75 injection molding machines 
im use in this Country, many of them importations from 
By July 1, 1937, this number had increased to 
According to a communication recently received 


were approximately 


Germany. 
about 275. 


7 See Modern Plastics, Vol. 17, October, 1939, pp. 
ple-Unit Injection Presses,’”’ by H. F. Macmillan. 


366-372: “The Multi- 


from Mr. Kennedy of the Carbide and Carbon Chemicals 
Corp. there were 371 injection molding machines operating 
in American plants as of Dec. 31, 1938, and 574 as of Dec. 11, 
1939, an increase of over 200 machines in the one year, 1939. 

The original conception of the injection molding principle 
is attributed commonly to E. Pelouze who in 1856 developed 
a die casting machine for forcing molten metal into a die by 
mechanical or hydraulic means. Its first application to plastics 
was covered by a patent (U. S. P. 133,229; Nov. 19, 1872) 
issued to the Hyatt brothers for a machine for the extrusion of 
“Celluloid.” This machine embodied in its heating cylinder 
many of the same principles that are employed in the design 
of heating cylinders on present-day machines. Owing to th 
hazards and deterioration involved in subjecting cellulose 
nitrate to heat and pressure for prolonged intervals, the use 
of this machine for molding pyroxylin articles was not suc 
cessful. The next phase of the development of the injection 
molding press took place in Germany, and in the early thirties 
several patents were issued for such devices. One of them was 
U.S. P. 1,810,126, dated June 16, 1931, issued to H. Buchholz 
for “the process which comprises heating the material to be 
molded until the same acquires flowing characteristics, then 
forcing said material directly from the point of heating 
through a relatively restricted passage under pressure to in 
crease its flowing characteristics, and in this condition forcing 
it into the mold and cooling the mold during the introduction 
thereto of the fluid material,” and for a machine for carrying 
out this new method. A second patent of fundamental impor 
tance was that of H. Gastrow (U. S. P. 2,057,945; Dec. 10, 
1936) which described the heating cylinder used on the [soma 
machine, the German-made press which introduced modern 
injection molding of plastics to the American market. These 
first machines had an injecting capacity of only 4 to 114 07 
per cycle and were suitable only for the molding of small 
articles, such as buttons, pocket combs, and costume jewelry. 
The demands of molders in this Country for machines of 
increased capacity and sturdier construction to be used for 
turning out parts for industrial applications led domestic press 
manufacturers to construct injection molding machines with 
radical changes in the design of the heating cylinders, spread 
ing devices, injection plungers, and clamping devices. All of 
these machines far as heating and 
pressure-pump units are concerned, and have control systems 


are self-contained so 
which make possible automatic, semi-automatic, or manual 
operation. The heating is accomplished either directly by 
electric heaters, indirectly by oil which is electrically heated, 
or by utilizing the main body of the heating cylinder as th« 
core of an induction coil. 

The capacity of the single-cylinder injection machines was 
stepped up to 2 to 4 oz per injection in 1936, 6 oz in 1937, 
g oz in 1938, and 12 oz in 1939. The 40 sq in. of projected 
area of a molded part possible in 1937 was jumped to 100 
sq in. in 1939. By combining several of these cylinders, each 
feeding into a different inlet in the same mold, parts of con 
siderable size weighing up to 36 oz can be produced. Thes« 
multiple-unit injection presses are used in particular tor pro 
ducing automobile parts, such as steering wheels, instrument 
panels, glove-compartment doors, and window frames. In 
fact, it was stated recently that “Presses of suitable type have 
already been developed with die space ample to take molds as 
large, for example, as the entire side of an automobile." 


Transfer Molding 


The injection molding of thermosetting resins is compli 
cated by the fact that these materials remain plastic at elevated 
temperatures for only a short interval because of thermal 
acceleration of chemical reactions which convert the resins to 
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hard, intusible masses. This necessitates the caretul restriction 
of the maximum plasticizing heat to only the approximate 
quantity of molding compound needed tor each discharge 
into the mold. In practice, this has meant actual loading of 
the heating chamber with only that amount of material 
needed for each cycle. The process also differs trom injection 
molding of thermoplastics in that the mold itself is kept hot 
all the time to complete the transformation otf the resin to the 
cured state. 

The molding of thermosetting resins by their injection in a 
plastic state into a hot mold has been called “Transfer Mold- 
ing” by the inventors of the process in this country. According 
to the patents (U. S. P. 1,916,495; 1,919,534; 1,933,942; and 
1,997,074, all assigned to the Shaw Insulator Co.), transfer 
molding comprises the steps of plasticizing the resins by 
contact with the heated surfaces of a pressure chamber, flow- 
ing the material through a narrow passage where further 
heating may take place, in some cases practically to the final 
reaction stages, transferring this material in a rapidly flowing 
condition to a closed mold, filling the cavity without violent 
surges at high pressure, applying pressure to the plastic in the 
mold cavity while heating to set the formed plastic material, 
and finally ejecting the finished article from the mold cavity 
and the excess material from the pressure chamber in readi 
ness for another molding cycle. 

Transfer molding is of particular advantage in that erosion 
of dies, breakage of small pins, and displacement of and dam 
age to inserts, so common to compression molding, can be 
prevented. Hrayile inserts, such as glass and thin metal parts, 
can be used successfully. The high-impact-strength type of 
molding compound with its coarse fibrous filler can be molded 
with very little flash and in much thinner sections than by 
compression molding. Higher and more uniform density is 
produced and separation of resin from the filler is minimized 
by transler molding. Although the necessity of allowing for 
cure of the resin in the mold imposes a limitation on the 
speed possible with this method, the total time that the mate 


rial is in the mold is considerably less than in compression 


molding. Since the process has been employed particularly 
for moldings that have required the manual setting of inserts 
or cores, full automatic operation of equipment has not been 
especially emphasized. However, C. D. Shaw is reported to 
have perfected an injection press for handling phenolic and 
urea resins 1n a continuous production cycle of 11 sec. The 
powder is warmed continually from the time it is dropped 
through the hopper into the heating cylinder until it is in the 
proper condition of plasticity and temperature to flow readily 
into the mold and then harden in a few seconds. Commer 
cialization of this press in 1940 will mean the availability of 
fully automatic injection equipment for handling the com 
paratively inexpensive thermosetting materials and a potential 
shift of the favorable price factor for small pieces in relatively) 
limited quantities back to the thermosetting materials, which 


lost it a few vears avo to the injection-molded thermoplastics. 


Extrusion Molding 


The manufacture of rods and tubes from thermoplastic 
materials by hydraulic extruding machines dates back to the 
early days of rubber and pyroxylin fabrication and has since 
been used for casein, cellulose-acetate, vinyl and styrene resins, 
and similar plastics. The material is fed into a heating cyl 
inder, ordinarily of the steam-jacketed type, and is extruded 
through nozzles to produce rod and tubing of various shapes 
and sizes. More recently this process has been adapted in 
Germany to the production of extruded moldings of anv 
desired profile from the thermosetting phenol-formaldehyde 
and urea-formaldehvde resins. In contrast to standard com- 
pression and injection molds, the one used in extrusion mold 
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ing 1s Open on two opposite sides to provide an inlet and an 
outlet. Essentially it 1s a nozzle long enough to permit curing 
ot the resin betore it emerges. The pressure necessary for the 
molding action is obtained by a slight conical taper in the 
mold channel plus the retarding effect of the hardened mate 
rial near the outlet of the mold. The temperature of the solid 
powder fed into the machine is gradually increased until it 
reaches a plastic state; at this stage it is fed into the profile 
mold wherein it very quickly hardens. The speed of discharge 
of this hardened material is controlled to produce the requisite 
pressure in the plastic mass behind it. 

Extrusion molding of thermosetting plastics has not yet 
been undertaken industrially in this Country, but it probably 
will be. If its use here is marked with the same strides of 
improvement that have accompanied transplanting of other 
European plastic developments to the United States, it should 
lead to some very outstanding accomplishments. For not only 
rods and tubes can be produced by this method, but also flat 
sheets and boards of various shapes. Boards 10 in. wide, 
'e in. thick, and in continuous lengths already have been 
extrusion-molded in Germany from phenolic plastics. The 
suggested uses for profile moldings include rails, handles, 
wainscoting, and wall paneling in the building industry, hand 
rails and running boards in the automobile industry, piping 
and rollers for the chemical industry, and lamp pedestals and 
pendants in the lighting industry. 


Direct Hydraulic Molding 


All of the methods of molding described up to this point 
have involved presses for applying either mechanical or hy 
draulic pressure and steel molds in which to shape the plastic. 
3oth of these are expensive items and have tended to limit 
molding to the production of relatively small objects in large 
volume. Engineers in aircraft research laboratories in both 
Europe and the United States have been experimenting for 
several years on methods of molding which would eliminate 
these restrictions on the size of molded parts. Of course, one 
can take standard sheets of resin-impregnated laminated plas 
tics and build airplane structures by methods similar to those 
which have been used for many years with sheet metal and 
plywood. But the desire of the aircraft engineer is to mold 
complete fuselages and wings as individual units and thus 
reduce to a minimum the labor costs and time involved in 
cutting, shaping, drilling, and riveting the many hundreds of 
parts now used to construct airplanes. 

Synthetic resins by themselves or in the form of ordinary 
molding compound containing woodflour filler lack the neces 
sary strength and stiffness to be used for making aircraft 
structural members. Admixture of the resin with wood pulp 
or ground up fabric gives a molding material of much better 
impact strength, but still insufficient for aircraft purposes. But 
by taking the wood filler, not as ground-up flour, but as 
veneers in which the oriented cellulose fibers contribute 
strength and stiffness, and utilizing the “plastic” properties 
of the synthetic resins, that is to say, their ability to be shaped 
by the application of heat and pressure, and to retain the 
desired form when the shaping influences are removed, some 
progress has been made toward the development of a tech 
nique of molding which offers promise of eliminating the 
major obstacles of limitations on press sizes and capacities and 
mold expense. 

This method of molding involves the application of hydro 
static pressure to resin-impregnated fibrous sheets wrapped 
around a core of wood, concrete, or other suitable material, 
and inclosed in an air-tight bag or protective wrapping. An 
oil bath similar to the large ones now employed for bonding 
glass to plastic in the manufacture of laminated glass could be 
used for the application of heat and pressure to this wrapped 
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core mold. In actual experiments wing sections have been 
molded in this fashion by placing them in large rubber vul- 
canizers and using steam as the heating and pressing agent. 
Although interest in this new technique for molding has 
centered primarily in the aircraft field, its significance tran- 
scends this particular industry, for it must be kept in mind 
that any material which is developed successtully for molding 
airplane wings and fuselages will also have other applications 
of larger volume, such as automobile fenders and bodies, house 
construction units, furniture, small boat construction, and 
railway freight cars. 

From collars and cuffs to airplanes and furniture is a big 
jump for only seventy years growth of an industry. When it 
is realized that the major portion of this metamorphosis took 
place during the streamlining thirties, the present position of 
plastics development is even more astounding. What the 
forties will bring is still to be revealed, but certainly the recent 
emphasis on fully automatic molding with its attendant im 
provement in the quality of moldings and the intensive search 
for plastics suitable for structural parts will be important fac 
tors in guiding the progress of plastics during the new decade 
that lies ahead. 
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Discussion 


Contends Plastics Unsuitable 
for Passenger-Car Bodies 


—Herbert Chase 
Consultant and Journalist 


R. KLINE’S paper constitutes an excellent presentation of the favor- 

able properties and benefits of using plastics. He has good reason 
for being enthusiastic about them, as I have learned myself in some ten 
years of study and writing about plastics. They are exceedingly useful 
materials and have demonstrated their usefulness in the automotive field 
as well as in many other applications. 

There is, however, much talk of plastics being substituted for metals, 
especially in passenger-car bodies. Although Dr. Kline does not say that 
they will be substituted, he distinctly infers that this change may come 
about. It is natural that a chemist should see the matter in a different 
light than I do, as an engineer. In any event, there is little in the paper 
about the limitations or the disadvantages of plastics. These the engineer 
must weigh along with the advantages if he is to use plastics without 
the chance of expensive and unfortunate failures. 

Now I gladly testify to the value of plastics. They are excellent di- 
electrics. Their utility where a transparent or translucent material is 
required is well established. For decorative uses, they are often wisely 
chosen, especially for small parts not subject to heavy stresses. But, when 
it comes to substituting them for metal in structural parts, and espe- 
cially for large structural parts such as major elements for passenger-cat 


bodies, the chances ot success are exceedingly remote. Leaving rubber, 
the most important of all plastics, out of consideration (as Dr. Kline 
properly does, since it is not usually classed with the synthetic plastic he 
describes), a comparison of plastics with metals, such as wrought steel, 
commonly used in body construction, is instructive. It soon becomes 
apparent that plastics are unlikely to be substituted for metals 
exceptional cases and then only in a relatively unimportant way 


nh an but 


Cost — Except for the “cold-molded” plastics (for which the only 
portant automotive use is in battery boxes), phenolic plastics at about 
12¢ per lb in powdered form are the cheapest type. Most of the other 
types that Dr. Kline describes, including all the beautifully colored, 
translucent and transparent types, sell for 30¢ to $1.00 or more per lb. 
Plastics are light materials but, even on a cost-weight basis, they have 
little chance of competing with steel. Cheaper forms may come, but this 
development is problematical, and those predicted are mostly if not 
entirely confined to black or dark colors and lack many advanta 
existing types. 


Strength — As compared with metals, plastics are relatively weak mat 
rials, mostly decidedly brittle and lacking in ductility. A tensile strength 
of 13,000 lb per sq in. and an impact strength of 0.5 ft-lb (Izod, ')x 
in. notched bar) are about the maximum for molded plastics in general 
use. Laminated plastics may double these figures, but they are 
nore expensive and usually are not moldable. 


much 
As compared with thes 
values, even some common and inexpensive cast metals run to 5 

lb per sq in. tensile and 20 ft-lb (Charpy, %4x'%-in. 
with good ductility, and these figures are greatly exceeded by wrought 
steel, of course. 


unnotched bar), 


Rapidity of Fabrication— Molding cycles for Jarge plastic parts run 
from 1 to 10 min or more, the latter figure applying to thermosetting 
plastics, the only type likely to be even “considered” for a body struc 
ture. The time for molding or forming smaller pieces is less, but ul 
many times greater than for fabrication of metal parts. 

Availability — This factor is quite uncertain as to plastics in an 
uty compared with the metal supply which is almost unlimited 

Dependability — This property is uncertain, at best, for plastics, at least 
for large parts and for those used outdoors. Only a few plastics, mostly 
expensive types, withstand continued outdoor exposure without deterior 
tion or failure. 


ad 
Metals, of course, are well tried and dependable outdoor 
if properly finished. 


Fabricating Equipment — For plastics, especially in 


equipment is rather expensive and quite slow; 


large piece 
present facilities are 
tively limited. For metals, it generally is lower in cost and much 
rapid; present facilities are ample. 

All these items and others which could be cited are important anc 
unfavorable to plastics as to make it almost unthinkable to substitut 
them for metal except in a few special cases and then chiefly in small 
parts. When plastics are well applied, especially for small parts (most; 
decorative or dielectric), they are used, as a rule, as minor adjuncts of, or 
usefully to supplement metal parts. In aircraft, where light weight 1 
essential and the competition involves expensive metals and high fabri 
cating cost, plastics for large, simple structures may have a chance, but 
this is a special case. 

At present, synthetic plastics account for only a fraction of 1% of th 
total weight ot passenger cars, yet automotive manutacturers buy mor 
plastics than does any other group. The metal-working industry 1s the 
best customer the plastics industry has. Since, as we have seen, there is 
hardly a remote chance that plastics can displace metals in a large way 
in any event, but are a valuable supplement to metals, would it not be 


wiser if the friends of plastics dropped even the inference that plastic: 


are likely to displace metals? 


Predicts Increased Use for 
Thermo-Setting Plastics 
—M. H. Bigelow 


Plaskon Co. 


 pongenrionesce are being used in the automotive industry, and each yeat 
a greater number of pounds is used in the manufacture of variou 
portions of the car. Those romantically inclined, particularly if they read 
certain published data, are apt to feel that, in the near future, we may 
see automobiles driven about the streets looking much like the X-ra\ 
photograph ot 


1 


a cantilever bridge. In other words, the good old steel 
body will be replaced by transparent plastics. It is very doubtful if thi: 
will be the case, but there is no doubt, however, that certain types of 


plastics will replace to a large extent the sheet metal now used in the 


fabrication of cars. 

The present “European political unrest” is forcing the manufacturers 
of automobiles to consider newer materials for the building of cars, and 
these’ materials will be plastics. 

Plastics would have assumed a much more important position in the 
manufacture of cars if the industry as a whole could present to the auto 


(Concluded on page 220) 
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Aluminum Aircraft Fuel Tanks 


By E. H. Dix, Jr., and R. B. Mears 


{luminum Research Laboratories, Aluminum Co. of America 


ECAUSE of advantages of light weight, ease of 
fabrication, and high resistance to corrosion, 
aluminum aircraft fuel tanks have been used 
widely for two decades. Although it was estab- 
lished many years ago that dry gasoline does not 
corrode aluminum, pitting of the aluminum shell 
has occurred sometimes in the presence of badly 
contaminated water. One of the most important 
factors which influence the amount and nature 
of the water which is present in the tank is the 
extent with which this water is contaminated 
with iron rust and corrosion products of other 
metals with which it has come into contact during 
the handling of the gasoline from the refinery to 
the plane. In these isolated cases of corrosion 
in aluminum aireraft fuel tanks, the evidence in- 
dicates that the corrosion was caused by such 
water, contaminated with chlorides, bromides. or 
heavy metal compounds, lying in the bottoms of 
the tanks for extended periods. 


This corrosion can be prevented by: designing 
tanks to permit free drainage of water to the 
sump; selecting metals to avoid electrolytic action: 
handling fuel so that it will not pick up water. 
iron rust, or other heavy metal corrosion products 
prior to the time that it is introduced into the 
aircraft fuel tank; applying suitable coatings to 
the aircraft interior; the use of Alclad sheet: em- 
ploying corrosion inhibitors either in capsules in- 
serted in the tank or as an addition to the fuel: 
and by periodic cleaning of the tank interiors or 
flushing them with inhibited solutions. 


HE modern all-metal airplane used for commercial 
transport and military purposes bears little resemblance 
to its prototype of only a few years ago. Today alumi 
num alloys compose over three-quarters of the airplane itself? 
and over one-half of the powerplant including the propeller 


{This paper was presented at the Annual Meeting of the Society, 
Detroit, Mich., Jan. 15, 1940.] 

1See the Journal of the Aeronautical Sciences, Vol. 6, No. 5, March, 
1939, pp. 185-202: ‘“‘Materials for Airplane Construction,” by J. B. Johnson 

2See Metallurgia, Vol. 21, November, 1939, pp. 11-14: ‘“‘The Use of 


Aluminum Alloys in Aircraft,’ by W. C. Derereux 


assembly~. The advantages of aluminum for fuel and other 
tanks were early recognized so that this material has a record 
of nearly two decades of satisfactory service for these impor 
tant parts. At the present time almost all aircraft fuel tanks 
are made of aluminum alloys. 

For fuel tanks, aluminum alloys offer the advantages ot 
light weight, ease of fabrication, and high resistance to 
corrosion. It was established many years ago that dry gaso- 
line does not corrode aluminum. However, in the presence 
of badly contaminated water, pitting of the aluminum shell 
has sometimes occurred. It is obvious that, since this is the 
case, the extent of the pitting which occurs depends on the 
factors which influence the amount and nature of the water 
which is present in the tank. One of the most important 
factors is the extent with which this water is contaminated 
with iron rust and corrosion products of other metals with 
which it has come in contact during the handling of the 
gasoline from the refinery to the plane. Considering the large 
number of aluminum fuel tanks which have been in service, 
the scattered reports of pitting which have caused some 
discussion from time to time have been relatively few indeed. 
However, near the end of 1937 and in 1938, a larger propor 
tion of tanks from one common type of plane were reported 
to be showing evidence of corrosion than did tanks in other 
types of planes. Since this was the case, it appeared probable 
that some characteristic of the one type of tank was contribut 
ing to the attack. In order to study the causes of corrosion in 
fuel tanks and the methods of combating such attack, the 
Corrosion Projects of the Cooperative Fuels Research were 
organized. These Projects were divided into four working 
groups: the Materials, Fuels, Design and Manufacture, and 
Maintenance Groups. In the succeeding discussion, much use 
is made of data accumulated by these various groups. 


Characteristics of Alloys Used 

As a basis for this discussion, it appears desirable to first 
outline the characteristics of aluminum alloys which have thus 
far been used in the construction of fuel tanks. Three general 
types of aluminum alloys have been used in the construction 
of aircraft gasoline tanks. These tvpes are: 

1. The non-heat-treatable alloys 

2. The heat-treatable alloys 


3. Alclad sheet 


The Non-Heat-Treatable Alloys 
The non-heat-treatable alloys are those which are strength 
ened by cold work but not by heat-treatment. All of these 
alloys are available in five tempers. The annealed or fully 
soft temper is designated by an “O,” the fully work-hardened 
temper by an “H,” the intermediate, increasing amounts of 
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Table 1-Composition and Typical Mechanical 


Properties of 
Non-Heat-Treatable Alloys 
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28-0 Commercially pure 
aluminum 13,000 5,000 35 
2S-H Commercially pure 
aluminum 24,000 21,000 5 
38-0 1.2% Mn* 16,000 6,000 30 
3S-H 1.2% Mn* 29,000 25,000 1 
48-0 1.2% Mn + 1% Mg* 26.000 10,000 20 
4S-H 1.2% Mn + 1% Mg* 40,000 34,000 5 
528-0 2.5% Mg + 0.25% Cr* 29.000 14,000 25 
52S-H 2.5% Mg + 0.25% Cr* 11.000 36,000 7 


Balance aluminum plus normal impurities. 
** Stress causing permanent set of 0.2% of the initial gage length. 
*** For 1/16 in. thick sheet specimens. 
Note: The solution potentials of the alloys listed above are so nearly the 
same in most common solutions that they can be used safely in con- 
tact with each other without undesirable galvanic effects resulting. 


work hardness by 44H, /2H, and 4H. The compositions and 
physical properties for the non-heat-treatable alloys which 
have been used for fuel tanks are given in Table 1. Properties 
for only the O and H tempers are given, since the properties 
for the other three tempers fall between these limits. All of 
the non-heat-treatable alloys have a similar and relatively high 
resistance to corrosion in most of the common environments. 
However, 52S alloy has somewhat greater resistance to salt 
containing atmospheres than the other alloys and, in addition, 
it has a higher endurance limit. In general, the resistance of 
these alloys to corrosion is altered little or not at all by change 
in temper or by reheating, as a result of welding. Most of 
the non-heat-treatable alloys are supplied in the form of sheet, 
extruded shapes, tubing, and rivets. 


The Heat-Treatable Allovs 


The heat-treatable alloys are those which can be strength- 
ened by suitable heat-treatment. With some of these alloys, 
after the material has been heat-treated and quenched in cold 
water, hardening and strengthening occur as the material 
ages at room temperature. This aging is complete in about 
four days. Alloys of this type are 17S and 24S. The annealed 
temper of these alloys is designated with the letter O, as 
17S-O or 248-O. The heat-treated and room-temperature- 
aged tempers are designated by the letter T, as 17S-T or 
248-T. Alloys of this type are most easily formed in the O 
temper but, as finally employed, should be fully heat-treated, 
since the O temper is both weaker mechanically and also less 
resistant to corrosion than is the T temper. Alloys of this type 
in the T temper, which have been rapidly quenched from 
the heat-treating temperature (as by immediate immersion in 
cold water) have a resistance to corrosion which is superior 


3 Registered trademark of the Aluminum Co. of America. 

4See NACA Technical Note No. 259, August, 1927: “ ‘Alclad’- A New 
Corrosion-Resistant Aluminum Product,” by E. H. Dix, Jr. 

5 See NACA Technical Report 490, 1934, p. 310: “The Weathering of 
Aluminum-Alloy Sheet Materials Used in Aircraft,’ by Willard Mutchler. 

See Report No. M-56-2802, 1935 and 1936, Parts 1 and 2, Air Corps 
Engineering Section, the War Department, by M. R. Whitmore and J. B. 
Johnson. 

7See Proceedings of the American Society for Testing Materials, Vol. 
38, 1938, Part 1, pp. 194-213: ‘‘Report of Subcommittee VI, Committee 
B-3 on Atmospheric Corrosion of Non-Ferrous Metals and Alloys,” by 
W. H. Finkeldey, chairman. 

8 See SAE Transactions, Vol. 34, 1939, pp. 221-228: ‘‘Ten Years’ Service 
Experience with Alclad Materials in Aircraft,’”’ by F. C. Pyne. 

®See NACA Technical Report No. 663, 1939, p. 22: “The Effect of 
Continuous Weathering on Light Metal Alloys Used in Aircraft,” by 
Willard Mutchler. 


to that of low-carbon steel in 


most environments, but is 
definitely lower than that of the non-heat-treatable alloys. 
Slower cooling from the heat-treating temperature (as by 
immersion in an oil bath or an exposure to an air blast), as 
sometimes practiced to avoid distortion, results in materials 
which possess a definitely lower resistance to corrosion than 
that of the cold-water quenched material. Similarly, reheating 
the quenched material for forming purposes or during weld 
ing also results in a lowering of the resistance to corrosion. 

17S and 24S alloys have been employed in the form of 
sheet, rolled or extruded shapes, and tubing. 17S rivets are 
also supplied regularly, while 24S rivets are not so commonly 
used because they are more difficult to drive. The composition 
and physical properties of the heat-treatable alloys which have 
been employed in gasoline tanks are given in Table 2. 

Alelad Sheet 

Alclad® sheet is a composite product of exceptionally high 
resistance to This material is made up of an 
aluminum alloy coated with a surface layer of either high 
purity aluminum or of another aluminum alloy. The surface 
layer is alloyed and integral with the core. The thickness of 
the surface layer is usually about 5% of the total thickness of 
the material. Alclad 17S-T and Alclad 24S-T sheet have 
coatings of high-purity aluminum over cores of 17S-T o1 
24S-T, while Alclad 3S sheet has a coating of 72S alloy over 
a core of 3S. The alloy 


corrosion. 


72S contains a small amount of zinc 
and has a resistance to general surface corrosion only slightly 
less than that of 3S. These coatings were selected so as to be 
sufficiently anodic to prevent attack of their respective core 
alloys in most exposures by electrolytic action. This electro 
lytic action causes any small sites of attack which may devélop 
in the coating to spread out before the core is attacked. Such 
behavior is of tremendous importance, since it means that a 
tank made of Alclad sheet will resist perforation by a corro 
sive liquid much longer than will a similar tank of some 
other aluminum alloy. At the present time, the Alclad alloy 
products are regularly supplied only in sheet form. The 
tensile and yield strengths of Alclad 17S-T and Alclad 248-T 
sheet are approximately 10% lower than the corresponding 
values for 17S-T and 24S-T sheet. Alclad 35S 
physical properties which are very similar to 


sheet has 


those of 2S 
sheet in corresponding tempers. 

The results of tests which have illustrated the high resis 
tance of the Alclad sheet to outdoor or sea-water exposures 


Ss. S. 7.5.9 


have been given in several publications* ‘ 


Table 2—Composition and Typical Mechanical 
Heat-Treatable Alloys 


Properties of 
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178S-T 4% Cu, 0.5% Mn, 0.5% Mg* 60.000 37,000 20 
24S-T 4.4% Cu, 0.5% Mn, 1.5% Mg’ 68.000 44.000 19 
538-W 0.7% Si, 1.3% Mg, 0.25% Cr* 33,000 20.000 22 
53S-T 0.7% Si, 1.3% Mg, 0.25% Cr* 39.000 33,000 14 

* Balance aluminum plus normal impurities. 

** Stress causing permanent set of 0.2% of the initial gage length. 
*** For 1/16 in. thick sheet specimens. 
Note: The solution potentials of 17S-T and 24S-T are so nearly the same 


in most common solutions that these alloys can be used safely in con- 


tact with each other. Contact between 17S-T (or 24S-T) and 53S 
(or the alloys listed in Table 1) may result in special galvanic 
attack of the latter alloys in many exposures. However, contact 


between 53S and the alloys listed in Table 1 generally results in no 
undesirable galvanic effects. 


























May, 1940 


Types of Tanks 

‘There are two main types of fuel tanks: the integral tanks 
and the removable tanks. Integral gasoline tanks, since they 
compose a part of the structure of the plane, generally are 
fabricated in a manner similar to that of the rest of the plane. 
The joints are made by riveting, a suitable joint material 
being employed to prevent seepage of the gasoline. Fusion 
welding of 17S or 24S alloys, of course, is not employed 
because the heat of the welding destroys the effect of the 
heat-treatment and lowers their mechanical properties and 
resistance to corrosion. Resistance welding, both spotwelding 
and seam welding, is employed for Alclad strong alloy sheet 
but is not recommended in the case of 17S-T or 24S-T sheet. 
However, in the case of separate or removable tanks con 
structed of the non-heat-treatable alloys, considerably greater 
latitude in jointing is permissible. In the older designs of 
tanks, fusion welding and riveting were the common meth 
ods. Where rivets were used, the heads generally were welded 
over to make gas-tight joints. More recently spotwelding and 
seam welding have been used successfully, especially for 
attaching the baffles. 

Baffles often are employed to reduce the surge of gasoline 
during the maneuvering of the ship. They also serve as 
stiffeners. Extruded sections, generally of the heat-treatable 
alloys, are likewise used as stiffeners. 

The newly developed method of brazing! aluminum alloys 
offers considerable promise as a method of assembling parts 
of gasoline tanks rapidly and economically. Brazed fuel tanks 
for outboard motors are in commercial production and are 
giving satisfactory performance in service. 


Considerations in Tank Design 
In a recent article, R. S. Barnaby'! has pointed out that 
corrosion of aircraft is mainly the result of one of the three 
following situations: 

1. Unsealed crevices 

2. Undrained pockets 

3. Dissimilar materials in contact with aluminum alloys 
These same three situations apply to the corrosion of air- 
craft gasoline tanks. Tanks which do not contain dissimilar 
metals and are designed so that they drain freely and com 
pletely apparently always give satisfactory service. However, 
corrosion has occurred in some cases 1n aluminum tanks in 
which copper or brass screens, drains, or other parts had been 
used. Naturally such corrosion would be severe only if the 
copper-base part were exposed in a region where moisture 
was generally present. In some cases, corrosion of the tank 
has been the result of contact between two aluminum alloys 
which have different solution potentials. Thus, contact 
between an alloy such as 17S-T and one such as 2S or 52S 
may result in corrosion of the latter materials, since the 17S-T 
has a more cathodic solution potential than do these other 
alloys. 

In a few cases, corrosion of the exteriors of tanks has been 
observed where they were in contact with absorbent felt or 
other packing or gasketing materials. Wherever possible, 
contact between aluminum tanks and such absorbent non 
metallic materials should be avoided, since these materials can 
readily pick up moisture and, by oxygen screening action, 
cause appreciable corrosion. Non-metallic materials which 
are impregnated thoroughly with bituminous or other inert 
substances of this type are not usually corrosive even in the 


presence of a considerable amount of moisture. A_ similar 
19 See paper preprinted from the Welding Journal, American Welding 
Society. November, 1939, by G. O. Hoglund. 


it See the Journal of the Aeronautical Sciences, Vol. 6, No. 
1939, pn. 211-215: “Combating 
by Ralph S. Barnaby. 

12 See Report of Maintenance Groun, CFR Corrosion Projects, March 24, 
1939, Appendix B, p. 7, by G. K. Brower. 
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satistactory result 1s obtained it a suitable protective coating 
is applied to the aluminum prior to placing it in contact with 
the absorbent material. 


Service Experience 


Ot 14 aircratt-operating companies who answered a ques 
tionnaire sent out by G. K. Brower'*, Leader of the Mainte 
nance Group of the Cooperative Fuels Research, half reported 
that no failures of gasoline tanks because of corrosion had 
been experienced. In addition, 2 more of the 14 operators 
gave no definite data so that it is possible that they too had 
had no corrosion troubles. Of the others, only one reported 
any substantial percentage of failures. The most severe 
corrosion was reported by operators who used types of aircraft 
which, because of space limitations, required a design of 
gasoline tank which could not be drained completely. The 
bottoms of these tanks were pillowed and separated into 
sections by baffles. Frequent stiffening ridges or grooves were 
required and had been placed in the tanks immediately 
adjacent to each side of the baffle or stiffener. Water could 
lic in these grooves, and it was impossible to drain it out 
through the sump. In addition, the many low spots in the 
bottom between baffles permitted water to collect and remain 
tor extended periods of time. It is not surprising that, in 
tanks of this type, considerably more corrosion occurred than 
in tanks of simpler design which could be drained more 
completely. These results emphasize the desirability of 
constructing tanks so that they drain thoroughly. 


Operating Practice 

It appears probable that the particular practice followed by 
the various airplane operators influences the results which are 
obtained. Thus, several of the operators who had planes of 
the type which had caused difficulty for other operators, 
reported no corrosion. Also, in response to additional ques 
tions, many of the operators reported that very little water 
accumulated in the sump, whereas others reported the accu- 
mulation of much larger amounts of water. This indicates 
that differences in practice, and possibly also in climatic 
conditions through which the planes operated, are of con 
siderable importance in determining the amount of water 
which collects in the bottom of the tank. The frequency with 
which the water is drained out through the sump, the fre- 
quency and thoroughness of cleaning the tank interiors, and 
the periodic use of rinse solutions containing corrosion inhib 
itors, undoubtedly all influence the extent and severity of 
attack. 

As a matter of fact, some aircraft operators do employ 
regular periodic cleaning of fuel tanks by steaming to loosen 
sediment and then flushing out with hot water. This practice, 
if effectively done, is undoubtedly beneficial. 


Composition of Accumulated Water 


Another factor which evidently influences the extent of 
corrosion is the nature of the water which collects in the 
tanks. Samples of six different waters drained from the sumps 
of planes in service have been analyzed thus far, and it has 
been found that most of them contained very substantial 
amounts of chlorides and compounds of iron, copper, or lead. 
(Two of the samples contained approximately 100 ppm (parts 
per million) of chlorides calculated as chlorine and two con- 
tained over 200 ppm.) One of the samples of sump water 
which has been analyzed did not contain any chlorides but 
contained over goo ppm of bromides. This sample proved to 
be very corrosive. Also, one of the samples of sump water 
contained nearly 1500 ppm of chromates calculated as potas- 
sium dichromate. This sump water had virtually no action 
on aluminum, as would be expected since the chromate is a 
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corrosion inhibitor. All of the samples of sump water which 
have been analyzed were nearly neutral, ranging in pH from 
about 6.1 to 7.1. 

It is believed that the exact nature of the water is one of 
the most important factors controlling the extent and rate 
of corrosion, once it is assumed that water lies in the bottom 
of the gasoline tanks. Because of the very large amounts of 
solid iron rust and other heavy metal compounds frequently 
detected in sump waters, it appears probable that these 
impurities must be introduced as solids through the gasoline 
inlet of the tanks. The source of the chlorine compounds is 
not known, but it is understood that aviation fuels occasion- 
ally contain some ethylene dichloride, and it is possible that 
the chloride accumulates as a result of hydrolysis of this 
organic compound. Undoubtedly, aircraft using ocean routes 
would also pick up some chlorides from sea water which 
accidentally found access to the gasoline tanks. 


Effect of Fuel Types 


Up to the present time, little direct evidence as to the effect 
of various types of fuels on the composition of the sump water 
has been obtained. It seems probable that it is not the nom- 
inal composition of the fuel which most greatly affects the 
corrosiveness of any water which collects in the tank, but 
rather the amounts and types of impurities in the fuel. 
However, it is true that, in one case which has come to the 
authors’ attention, the corrosion product in the gasoline tank 
was decidedly alkaline. It appears probable that, in this 
particular case, some alkali was present in the gasoline which 
contributed to the corrosion. It is understood that both acids 
and alkalies are used in treating aircraft fuels to remove 
sulfur compounds so that it is not surprising if occasionally 
some of these materials are carried over to the fuel tank 
and are responsible for the corrosion which is occasionally 
observed. 


Effect of Flux 


In welded fuel tanks, another factor which has been 
suspected of causing corrosion is the presence of flux which 
was not thoroughly removed after the welding operation. 
While this possible cause of corrosion cannot be overlooked, 
it seems probable that its effect may have been overempha 
sized in the past. Welding flux has caused definite difficulties 
in the case of tanks which were subsequently to be treated 
anodically or painted. In these cases it has caused weak 
places or discontinuities in the coatings and sometimes has 
resulted in the development of pits during the anodic 
treatment. 


Causes and Mechanism of Corrosion 


The results of tests conducted jointly by the Fuels and 
Materials Groups of the Corrosion Projects, Cooperative 
Fuels Research, have indicated that dry gasoline, whether 
leaded or non-leaded, cracked or straight-run, does not in 
itself attack aluminum alloys. Furthermore, mixtures of 
leaded gasoline and organic compounds such as might be 
used to raise the octane rating of the gasoline were found to 
be practically inert to aluminum. Even the addition of water 
alone to the fuel was insufficient to cause very rapid attack 
of the aluminum. Certain impurities, such as salt or heavy 
metal compounds, also were required in order that attack 
would become appreciable. Thus it is not the substances 
nominally present in the fuel tanks (that is, the gasoline and 
possibly also water condensed from the air above the gasoline 
in the fuel tanks) but the impurities which are incidentally 
present which cause the corrosion. Since this is the case, the 





13See Transactions of the Electrochemical Society, Vol. 74, 
495-518: “The Electrochemistry of Corrosion,” by R. H. 
R. B. Mears. 


1938, pp 
Brown and 


mechanism of the corrosion of aircraft fuel tanks is the same 
as that in dilute aqueous salt solutions. 

Fundamental studies have indicated that the resistance of 
aluminum to attack by dilute salt solutions comes from the 
oxide surface film which always forms on this metal in the 
presence of oxygen or water. This film, however, is often not 
entirely uniform, since it is formed under a variety of con- 
ditions. When subjected to corrosive conditions, the weaker 
spots of the film may behave as anodes from which small 
electric currents flow to the surrounding portions of the metal 
surface (cathode areas). It has been established by direct 
measurement that the corrosion of aluminum under such 
conditions is electrochemical in naturel; that is, the current 
flowing between the anodic and cathodic areas has been 
measured and the amount of metal which dissolved at the 
attacked areas was accounted for by the quantity of current 
which flowed. Naturally, the extent of corrosion under such 
conditions depends upon the quantity of current, and this 
value, in turn, depends on the conductivity of the corroding 
medium. With pure water, the conductivity is low and very 
little current flows but, if the water contains dissolved salts 
such as chlorides, bromides, and so on, the conductivity is 
raised and the current is correspondingly increased. The 
presence of dissolved salts is therefore an important factor in 
accelerating the rate of corrosion. 

The salts of heavy metals, such as copper, tin, nickel, and 
so on, dissolved in the water, increase the rate of corrosion 
of aluminum because the metals are plated out on the cathodic 
areas of the aluminum surface as fine particles and cause 
increased current flow. This action continues indefinitely, 
since the aluminum at the anodic areas is consumed and the 
heavy metal particles are protected. Articles made of copper 
base or iron alloys, such as screens, and so on, if in contact 
with aluminum and exposed to a corroding solution, also set 
up electrolytic cells which cause corrosion of the aluminum. 
Similar galvanic action can result if aluminum alloys which 
have different solution potentials are employed in the tank. 
Thus, as mentioned previously, contact with 17S-T or 24S-T 
alloy has resulted in stimulation of attack on 38S alloy. 

In addition to these electrolytic batteries set up by the 
conditions just described, other cells may be generated by 
conditions existing in the corroding solution. Differences in 
the concentration of any of the substances dissolved in the 
liquid can set up concentration cells. Differences in the 
concentration of oxygen dissolved in various parts of the 
liquid are probably the most frequent cause of such concen 
tration cells. In this case, the current flows from the part of 
the metal surface in contact with the portions of the solutions 
which are low in oxygen to other areas in contact with 
solution which is high in oxygen content. The effect of wet 
pasty masses and deposits on the metal surface appears to be 
due mainly to the difference in the oxygen concentration of 
the liquid in the pasty mass as compared to that in the liquid 
immediately adjacent to it. A similar effect is produced at 
narrow crevices where oxygen has difficulty in obtaining 
access. 

Thus, it appears that the corrosion of fuel tanks is gen- 
erally caused by the presence of the first two or all three 
of the following materials in the tank: 

1. Liquid water 

2. Heavy metals or their compounds 

3. Chlorides or bromides 

In special cases certain other corrosive materials, such as 
alkali, may also be the cause of the difficulty. 


Methods of Protection 


Various methods of preventing the corrosion of fuel tanks 
are known. As indicated previously, one of the best methods 
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of preventing attack is by means of suitable design so that 
liquid water cannot lie continuously in the tank for any 
extended period of time. However, assuming that the design 
is fixed, several protective measures are available. One of 
these is the use of chemical coatings. The most common of 
these coatings is that produced by the Alrok!* process. In the 
Alrok process, a coating is formed on the aluminum surface 
by treating it with a suitable liquid. This coating is fairly 
porous and, in a second step, is impregnated with some 
inhibitive chemical, such as potassium-dichromate. Coatings 
thus formed have a greenish to reddish-brown color and are 
particularly advantageous, since inhibitor leaching out of the 
coating will protect small areas of metal from which the 
coating itself has been removed by abrasion or scratching. In 
the course of time, the inhibitor gradually is leached out of 
the coating and, when inspections indicate that most of the 
inhibitor has been removed, it is desirable to re-treat the tank. 
Corrosion of the metal itself usually does not occur until most 
of the inhibitor has been leached out of the coating. It has 
been suggested that the periodic rinsing of the tank interiors 
with a solution of potassium dichromate might be beneficial, 
since such a treatment would serve to replenish the inhibitor 
in the coating. Such a practice has been adopted by some 
operators, and promising results are reported. 

Anodic coatings also have been used for gasoline tanks. 
These coatings are formed by an electrolytic process in either 
chromic or sulfuric acids. Anodic coatings are harder and 
more durable than the Alrok coatings and can be applied in 
a range of thicknesses, 

Paint coatings also have been employed in both integral 
and removable fuel tanks. Naturally the selection of the 
paint is very important since it is necessary to obtain paints 
which do not dissolve appreciably in the fuels being handled. 
It is also desirable to select paints which either continue 
indefinitely to adhere to the base metal or which eventually 
powder rather than peel off in flakes. It has been reported 
that paints made with phenolic-resin vehicle and zinc- 
chromate pigment possess this desirable property. Either of 
the two surface preparations described previously (that is, the 
Alrok or the anodic coating) forms an excellent base for 
subsequent painting, so that, in some cases, tanks have been 
prepared either by the Alrok or anodic treatment and then 
subsequently painted. 

Protective coatings of any kind are, of course, best applied 
to the individual parts before the tank is assembled. This is 
more practical in the case of riveted tanks than for welded 
tanks since the heat of welding would affect the coating. In 
some cases paint coatings have been applied to finished tanks 
with apparent success, although it must be difficult to obtain 
uniform coatings with this method of application. 

Inhibitive capsules have been used to a limited extent in 
fuel tanks. These capsules contain small amounts of a suit- 
able corrosion inhibitor, such as sodium chromate, and are 
placed in the low spots of the tank where water is likely to 
collect. Water coming into contact with the capsules picks up 
a small amount of the inhibitor and corrosion by the water is 
then prevented. Naturally, only water which comes in direct 
contact with the capsules or with other water which has 
picked up an excess of the inhibitor from the capsules will 
be rendered inert. Care should be exercised in selecting a 
suitable capsule material. In some instances, copper or brass 
capsules were used and these caused special galvanic action on 
the adjacent areas of the aluminum wall. It is more desirable 
to use a capsule made of an aluminum alloy similar to that 
composing the tank. 





M4 Registered trademark of the Aluminum Co. of America. 
m 15 See Industrial and Engin-ering Chemistry, Vol. 31, 1939, Pp. 866-868: 
Dehydration of Oreanic Liquids with Activated Alumina,” by R. 
Derr and C. B. Willmore. 
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Since one of the main causes of corrosion of aircraft fuel 
tanks is heavy metal contamination, any steps which can be 
taken to prevent this contamination would materially reduce 
the resulting attack. The obvious way to accomplish this 
purpose would be to start out with a gasoline at the refiners 
which was not contaminated with heavy metals and then to 
handle and ship it in containers which would cause no 
contamination up to the time it was introduced into the 
aircraft tanks. This procedure may not be feasible. However, 
it also seems probable that, if the fuel were filtered thor- 
oughly at the time it was being introduced into the fuel tank 
and if the openings to the fuel tanks were kept covered so 
that contamination could not drop into them during use, then 
objectionable amounts of heavy metal impurities would be 
prevented from finding access to the tanks. 

It has been pointed out by Dr. Sweeney, the Leader of the 
Fuels Group of the Cooperative Fuels Research, that it might 
be feasible to incorporate a suitable corrosion inhibitor in the 
aircraft fuel itself. This would mean that, even if contami- 
nated water did find access to the tanks, sufficient inhibitor 
would be leached out of the gasoline to render the water inert 
to aluminum. Such treatment has never been used in service 
as far as the authors can ascertain, but it would appear to hold 
definite promise. 

Since, as indicated in the preceding paragraphs, liquid 
water is necessary for corrosion to occur, the fundamental 
way to attack this problem would be to prevent the access of 
liquid water to the fuel tanks. Because aircraft fuels often are 
handled or transported over water, the most feasible place at 
which drying could be accomplished would be during the 
period of transfer into the aircraft fuel tank itself. If the 

gasoline were passed through a short column of a suitable 
5 Bn aA agent, such as activated alumina”, it is believed 
that moisture could be removed largely or entirely from the 
gasoline at the time it enters the tank. Then, if the tank 
were equipped with small cartridges of the same dehydrating 
agent so that any air which was brought into the tank during 
breathing or emptying would also be dried, moisture could be 
prevented from obtaining access. If these precautions were 
taken, it is believed that there would be no appreciable 
corrosion of fuel tanks of any design. 


Advantages of Alclad Sheet 


The superior resistance to perforation afforded by the use 

Alclad products already has been mentioned. However, it 
may be well to discuss in more detail the mechanism of the 
behavior of Alclad materials when they are exposed to a 
corrosive environment. Since the thin coating material on 
the Alclad sheet is made up of aluminum or an aluminum 
alloy which possesses a more anodic potential than the core 
material of the sheet, when corrosion has once progressed 
through the coating to or nearly to the core material, it tends 
to spread out parallel to the surface rather than penetrating 
deeper. That is, in addition to forming a mechanical coating, 
the Alclad coating electrochemically protects the core. This 
electrochemical protection is similar to that exerted by zinc 
when in contact with steel and exposed to some corrosive 
liquid. Under such conditions the zinc will corrode sacri- 
ficially and prevent attack of the steel until all or nearly all 
of the zinc is used up. The Alclad materials function in the 
same manner so that even the cut edges of the sheet which, 
of course, have no coating, are protected as are also rivets or 
other small units made of the core alloy without any coating. 
Alclad products such as Alclad 17S-T and Alclad 248-T sheet 
have an additional advantage in that the coating material, 
being of pure aluminum, is much more resistant to corrosion 
than is the core alloy. 
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Summary of Service Experience 
In the light of the information which has been given in the 


preceding paragraphs, it now appears desirable to review the 


service results which have been obtained using the various 
alloys and coatings which have been just discussed. The first 
aluminum aircratt fuel tanks were of commercially pure (2S) 
aluminum. These tanks were welded with 2S wire and 
contained 2S baffles. Since 2S alloy has a relatively low 
tensile strength, subsequently other stronger alloys were used. 
3S alloy tanks have now been extensively employed in aircraft 
for eight or nine years. These tanks have generally been 
welded with 2S or 3S wire, although 43S wire has been used 
occasionally. 3S baffles and stiffeners usually were employed, 
although sometimes 17S-T or 24S-T baffles or stiffeners were 
used, 

A few 4S alloy tanks of riveted construction with 24S-T 
alloy baffles have been used. These tanks, unfortunately, were 
equipped with copper-base fittings and screens. 

Finally, a substantial number of 52S alloy tanks of spot- 
welded construction have been used in the past three years. 

Thus, removable fuel tanks of at least four non-heat- 
treatable aluminum alloys have been used in this Country. 
It is believed that any differences in the corrosion behavior 
of these various tanks can be attributed more to the particular 
design and construction employed rather than to the selection 
of either of these four alloys for the tank material. Tanks of 
any of these alloys in which copper-base fittings and screens 
were used or which were made with uncoated 17S-T or 
24S-T alloy stiffeners or baffles have suffered galvanic attack 
in service, as might be expected. Tanks constructed so that 
water could remain trapped or pocketed in areas of the 
bottom also have sometimes developed corrosion. 

Some 3S alloy tanks which had been given chemical 
coatings of the Alrok type have been employed recently. The 
present evidence indicates that these coatings are distinctly 
beneficial. Also, in a few cases, capsules containing corrosion 
inhibitors have been used in the sumps of 3S alloy tanks. It 
has been reported that satisfactory results were obtained with 
this treatment. 

17S-T and 24S-T alloy tanks of riveted construction, some 


,of which were anodically coated, have been used to a limited 


extent for about 11 years. These alloys were used principally 
for integral tanks. As mentioned previously, these alloys are 
inferior in resistance to corrosion to 2S or 3S in most environ- 
ments, especially if they are not rapidly quenched from the 
heat-treating temperature. A high proportion of the 17S-T 
or 24S-T alloy tanks which have corroded in service have 
been found to be made of material which was not rapidly 
quenched. 

Alclad 17S-T and Alclad 24S-T alloy tanks of riveted con- 
struction, most of which have been anodically coated, have 
been used to some extent for the past five or six years. In 
some of these tanks anodically coated 17S-T alloy stiffeners 
were employed. These tanks have given excellent service, 
and it is interesting to note that there were definite indica- 
tions that the Alclad coating was effective in electrolytically 
protecting the coated 17S-T alloy stiffeners from corrosion. 

During the past few years, some Alclad 3S alloy tanks have 
been employed. These have not been in use for very extended 
periods as yet, but the results so far obtained look very 
promising. Inspection of these tanks has revealed that the 
72S coating effectively protects the 3S core under service 
conditions. 

In the past, stiffeners of uncoated aluminum-copper alloys 
(17S-T or 248-T) have been used in 3S or 4S alloy tanks. 
This is an undesirable practice since it may result in galvanic 
attack of the sheet material. It is better to use anodic-coated 
17S-T (or 24S-T) alloy stiffeners in such tanks, and it would 


probably be even more desirable to use 53S-T or 61S-T alloy 
stiffeners. These latter alloys have solution potentials very 
similar to those of 3S, 4S, or 52S in most liquids and so will 
not cause galvanic attack. 


Summary and Conclusions 


Aluminum aircraft fuel tanks have been used very widely 
over a period of many years. In general, the results obtained 
have been entirely satisfactory. However, in isolated cases 
or with tanks of certain designs, pitting by corrosion has 
occurred. In these cases, the evidence indicates that corrosion 
was caused by water lying in the bottom of the tanks for 
extended periods of time. This water was contaminated with 
chlorides or bromides, and heavy metal compounds. Such 
corrosion can be prevented by: 

1. Designing tanks to permit free drainage of water to the 
sump; 

2. Selecting metals to avoid electrolytic action; 

3. Handling fuel so as to prevent it from picking up water, 
iron rust, or other heavy metal corrosion products prior to 
the time it is introduced into the aircraft fuel tank; 

4. Applying suitable coatings to the tank interior; 

5. The use of Alclad sheet; 

6. Employing corrosion inhibitors either in capsules in 
serted in the tanks or as an addition to the fuel; and 

7. Periodic cleaning of the tank interiors or flushing them 
with inhibited solutions is also probably beneficial. 

Thus, the causes of corrosion of aircraft fuel tanks are now 
understood, and several different methods of preventing it are 
available. However, it will be necessary to obtain further 
information before it will be possible to determine just which 
of the protective measures could be employed the most eco 
nomically in any given case. In any event, it appears that, in 
the future, such corrosion will be even less frequently encoun 
tered than it has been in the past. 


Plastics and Their Uses in the 
Automotive Industry 


(Discussion concluded from page 214) 


motive engineers significant physical data regarding the permanence of 
plastics. 

Unfortunately, the physical data available to the automotive engineers 
have not been such that the engineer has been able to utilize them in the 


same manner that he has been able to utilize the data presented by the 
manufacturers of other raw materials such as steel. The net result is 
that plastics have been used more for dressing up the car and have not 
been considered seriously for certain applications for which they may b 
perfectly well suited. Too often the engineer has considered the actual 
cost of a molded piece as the deciding factor in its use and, for this 
reason, there has been a pronounced swing to the use of injected molded 
thermo-plastic materials for automotive use. 

It is interesting to note that certain of our thermo setting resins are 
due to find an increased use in the manufacture of certain parts of the 
automobile. 

Laminated plastics are bound to displace sheet metal in body building. 
Already rubber latex is being displaced by urea-formaldehyde adhesives, 
but over and above this, new data have shown that certain of the thermo- 
setting plastics (particularly the urea-formaldehyde type) have distinct 
electrical qualities which, as cars are engineered to higher efficiency, will 
have to be utilized. 

Preliminary data have shown that electricity under high tension, such 
as is met with in the ignition system of our present-day cars, leaks less 
rapidly over the surface of urea molded rotors than over the rotors now 
in use and that this leakage is not appreciably increased if these rotors 
are used under excessively humid conditions. While these humid con- 
ditions are not common to the United States, they are common in coun- 
tries into which American cars are imported. 

Further than that, the urea plastics have another electrical character- 
istic which is known as “non-tracking.”” When exposed to serious elec- 
trical arcing, the surface may break down physically, but this breakdown 
is not accompanied by an electrically conducting carbon path. This means 
that electrical parts may be reduced in size and in weight and still main- 
tain adequate dielectric protection. 

















Piston-Ring Coatings and Their 
Effect on Ring and Bore Wear 


By Max M. Roensch 


Chrysler Corp. 


ISTON-ring scuffing occurs most frequently 

during the break-in period and has been a 
problem to both the automobile and ring produc- 

. for some time. Ring coatings have been un- 
der development for several years and their gen- 
eral adoption by nearly all automobile companies 
indicates both the need for them and their effec- 
tiveness. The coatings fall into two general classes. 
chemical and metallic. 
an iron 


The chemical are: Ferrox. 
Granoseal, an iron-manganese 
phosphate; Graphitox and Grafotox, a zinc-iron 
phosphate with colloidal graphite; and Surfide. 
ferrous sulphide. The metallic coating is of elec- 
trolytically deposited tin. 


oxide: 


Careful tests under accelerated wear or scuffing 
conditions on newly finished surfaces showed that 
untreated rings produced twice the wear that oc- 
curred on the coated rings when only the com- 
pression rings were coated. The difference in wear 
Was even greater when both compression and oil 
rings were coated properly. Coating the cylinder 
block gave even further aid, but improper coating 
was found to be detrimental. causing excessive 
Wear. 


Coated piston rings have definitely proved 
worth while and, with the development work now 
being carried on in the laboratories of both the 
piston-ring companies and automobile companies. 
further improvements are sure to come. 


ISTON-RING scuffing, with the associated troubles of 
excessive bore and ring wear and high oil consumption, 
has been noticed for some time. The leading ring com- 
panies have developed coatings, and can supply rings to their 
customers with a surface treatment which aids in preventing 


[This paper was presented at the World Automotive Engineering Congress 
of the Society, San Francisco, Calif., June 8, 1939.] 
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scufing during the break-in period, as well as affording some 
protection during the normal operation of the engine, as long 
as the coating remains on the face of the ring. 

Practically every automobile manufacturer at the present 
time is using coated rings. Production piston rings are now 
supplied by three manufacturers, each using its own idea of 
a proper coating and, in addition, tests have been made and 
are now being carried on with several others. A great deal of 
testing is being done to determine their effective properties 
under all conditions of operation, such as cold starting, hot 
scufing, and accelerated wear, as well as normal operation, to 
establish the limitations of the present coatings and point the 
way for future developments. These coatings will be dis- 
cussed first from the chemical and metallurgical viewpoints, 
and the material in the coating will be described in detail as 
an aid in analyzing the test results. 


Ferrox 


The name “Ferrox” is derived from ferroso-ferric oxide, 
which is Fez;04 — the magnetic oxide of iron, also called mag- 
netite. The regular treatment necessary to supply this coating 
consists of oxidizing the machined surfaces of the iron to a 
predetermined depth in an enclosed chamber heated to a 
temperature of approximately 1ooo F in the presence of a 
suitable gaseous oxidizing agent. 

The chief processing problems inciude not only the selec- 
tive formation of the desirable ferroso-ferric oxide instead of 
the other oxides toward which iron is likely to proceed, but 
also to attain the proper physical attributes of such oxide, 
together with suitable layer stratification as well as the desired 
depth of the oxide penetration, its general uniformity and, 
finally, good appearance. These are accomplished largely by 
accurate temperature control, uniform heating, and correct 
introduction, distribution, and maintenance of the oxidizing 
medium. Peculiarly unfortunate results may ensue if the 
work proceeds to form the higher oxide hematite. Then the 
film is soft, non-adherent, and assumes an unsightly reddish 
color. 

Since the formation of an oxide created from the ferrous 
surface itself includes the addition of another material, oxy- 
gen, there is naturally a change in volume resulting in a 
dimensional growth for which allowance and compensation 
must be made in the machining operations. Such allowance 
having been made, it is important that the growth progress 
to the extent of refilling the dimension. This is another reason 
for maintaining good film thickness control. 








S.A.E. JOURNAL 





Vol. 46, No. 5 


(Transactions) 





Fig. | — Ferrox-coated ring cross-section — Note two-layer film — 


Unetched — X 1500 


It can be understood from the foregoing description of this 
method that this material is not strictly a surface coating, but 
rather a change in the surface metal. Fig. 1 shows a cross- 
section, unetched, which shows that, instead of a homogene- 
ous material, there are two layers, each about 0.00015 to 
0.0002 in. thick. 

In normal automotive work the optimum total thickness is 
found to be 0.0003 in. or three ten-thousandths of an inch. 
Occasionally, under extreme conditions, more is required. It 
is possible to make a film too thick, so that it will break off 
due to its own inherent brittleness. However, the bottom of 
the film will be found well rooted into every microscopic 
crevice of the parent iron so that, the thinner the film, the 
more adherent it becomes. In order to strike the right balance 
between adherence and performance, the film thickness must 
be controlled rigidly. 

The double-film characteristic is observed readily in the 
magnified cross-sectional views of the oxide film where the 
outer layer appears as of lighter color and is superimposed 
upon a darker layer. The latter layer is difficult to see if the 
specimen has been etched. It is preferred that film examina- 
tions be made in every case on unetched samples. Fig. 2 is an 
etched section of the ring, showing the union of the coating 
with the iron in the ring. 


Granoseal Process 


The Granoseal coating as applied to piston rings consists of 
an iron phosphate with a high percentage of manganese phos- 
phate. The coating is softer than gray cast iron, and sufh- 
ciently porous to adsorb an appreciable amount of oil. The 
material is a dielectric and has antiweld properties which, 
combined with its oil-adsorption characteristics, make it an 
excellent scuff preventive. 

The coating is applied by immersing the part to be treated 
in a water solution of phosphoric acid saturated with iron 
and manganese phosphate at a temperature of 210 F. The 
surface of the iron, attacked by the acid, is converted into 
iron phosphate, freeing hydrogen, and manganese phosphate 
is deposited during the process. When the coating is formed 
to a thickness of approximately 0.00025 in., the process is 
slowed to an almost imperceptible rate. The etching action 
of the acid ordinarily would tend to reduce the dimensions of 
the part but, since the phosphoric acid already is saturated 
with iron phosphate, the coating does not dissolve and re- 
mains a part of the piece treated. The volume change during 
the process is very small, increasing the dimensions of the 
piece by not over 0.00015 in. 

Fig. 3 is a cross-section showing the surface coating 0.0002 
to 0.0003 in. in thickness. Some of this coating will wear off 





Fig. 2—Ferrox-coated ring cross-section—Note that lower 
layer of film blends into structure of ring—Nital etched - 
X 1500 


during the wear-in period, aiding the break-in and prevent 
ing the raw iron surfaces from coming together during the 
conditioning of the cylinder. 
Altinizing 

This process consists of an electrolytic deposition of tin on 
the surface of the piston ring. It is important in tin plating 
that the surface be cleaned chemically and then acid-etched 
before plating to secure adhesion and prevent blistering of 
the coating. This plating is done in a sodium-stannate bath 
at 160 F, but it also can be done in an acid tin bath. Fig. 4 
is a cross-section showing the tin coating, 0.0002 to 0.0003 in. 
in thickness. 

Surfide 

This coating is produced by treating the cleaned rings in a 
bath of sodium hydroxide, sulfur, and water which removes 
certain portions of the metal and produces a somewhat porous 
surface covered with a very thin film of iron sulphide. A 
cross-section of the ring is shown in Fig. 5 with a film thick 
ness of 0.0001 in. or less. 


Graphitox and Grafotox 


This is a zinc and iron phosphate coating produced in a 
bath containing phosphoric acid and zinc phosphate. It is 
always used with an activator, thus producing a very fine- 
grained coating which is soft and porous. This coating is 
commercially known as Bonderite D. After coating, the rings 
are dipped in an emulsion of soluble oil and water containing 
Acheson colloidal graphite. Fig. 6 shows a cross-section of 
the coated ring. 

Regardless of the accuracy and finish of the cylinder bore 
and the fit of the piston rings in the bore, these parts must be 
run in before a surface is generated on either part that will 
carry the loads of high-speed operation without failure. If a 
new engine is run in carefully so that the initial distortion 
taking place from the relief of strains and the thermal and 
mechanical distortion can be ironed out or slowly machined 
off, then scuffing will not occur to any serious extent. 

This is an ideal condition almost impossible to attain. It 
was necessary to alleviate this difficulty, as numerous com 
plaints on poor oil economy could be traced to scuffing. Ex 
amination was made of a large number of rings that were 
returned on oil-consumption complaints, and all showed 
considerable scuffing Generally the compression rings scuff 
first which, in turn, scuff the cylinder wall and the scuffing 
carries down through the oil rings. This condition will heal 
up in time with further running but, in cases of severe scuf- 
fing, the rings may be so badly worn that they have to be 
replaced to restore control. 
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While all the piston-ring manufacturers are trying to obtain 
the foregoing result with their coatings, they reach their 
objective by different routes. The oxide coating is hard and 
brittle and of a mildly abrasive nature so that, as the ring hits 
the high spots in the bore, the ring itself can polish off the 
excess cast iron and the material that is scuffed off the ring 
can aid in further finishing the surfaces. The softer outer 
layer permits rapid seating which prevents blowby gases 
passing the face of the ring, and the harder layer slows down 
the wear to a greatly reduced rate. This is in addition to the 
anti-welding feature that is necessary on all the coatings. 

The chemical coatings (iron-manganese and zinc-iron phos- 
phates) are softer than the raw iron, which gives them also 
a quick initial seating, and these coatings are also anti- 
welding. While the coatings are soft, the individual crystals 
are harder than the iron so that, if they scuff off, they may aid 
in lapping in the parts, They have an additional feature that 
may be of considerable importance and that is their oil 
adsorption and retaining characteristics. These rings when 
dipped in oil will adsorb considerable amounts of it. It is 
conceivable that, where the ring breaks through the oil film 
and bears against the cylinder wall, this reserve of oil will be 
brought into action as the coating starts to wear off and 
supply the necessary lubricant to prevent severe scuffing. 

Surfide is also a chemical coating, the effectiveness of which 
is due to a combination of three factors: first — removal of 
some of the easily welded constituents in the surface of the 
ring; second — microscopic oil reservoirs created by the etching 
of the surface; third — extreme-pressure characteristics of the 
iron-sulphide coating which prevents metal-to-metal contact. 

The metallic coating is the softest of all and permits rapid 
seating and, as the material is quite plastic, it will distribute 
the load over the face of the ring readily. This action will 
tend to prevent high localized pressure which might rupture 
the oil film and cause scuffing. It is also possible that the tin 
itself might be considered a lubricant when metal-to-metal 
contact occurs. The metallic coating will also retain con 
siderable oil which may help under boundary lubrication 
conditions. 


Table 1—Oil Adsorption of Various Piston-Ring Coatings 


Ring Coating Oil Retention (adsorbed) 
A 15 
B 5.0 
c 4.0 
D 2.2 
E 3.0 
NO 2.0 


Table 1 gives a comparison of the oil adsorption of the 
various coatings. 

That the rings have to prepare the cylinder bores both as 
to shape and surface is illustrated by the following photo 
graphs. This series was run on a standard engine with 
untreated rings under severe scuffing conditions, each run 
consisting of Y, hr warm-up and 1 hr at 3800 rpm full load. 
The rings were replaced each time without touching the 
bores and the run then repeated. That the scuffing is slowly 
eliminated is evident from Figs. 7, 8, and 9. The engine was 
re-honed and treated rings installed. These ran through tests 
without failure and with practically no wear as shown in 
Fig. 10. The reduction in wear is shown graphically in 
Fig. 11. The engine was re-honed and mixed sets of rings 
were installed to check possible changes in the engine, and 
untreated rings again scuffed as shown in Fig. 12. 

To determine the location of scuffing, both on rings and 
bores, the rings were pinned and the test again repeated after 





Fig. 3- Cross-section of Granoseal-coated ring — Unetched — 
X 1000 

Fig. 4-—Cross-section of Altinized or tin-plated ring —Un- 

etched — X 1000 

Fig. 5-Cross-section of Surfide-coated ring — Unetched — 
X 1000 

Fig. 6-Cross-section of Graphitox-coated ring — Unetched - 
X 1000 
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Fig. 7 ~ Scuff test results 
Vy-he warm-up, | hr full 
throttle, 3800 rpm 
First run after finish-honing with 
500 grit stones 


Untreated ~ Average weor 
Compression rings, 0.075 in 


Oil rings, 0.075 in 


the bores had again been honed with 500 grit stone. This 
showed the localized character of the scufiing (Fig. 13). This 
test was repeated with rings free to show how ring rotation 
causes scuffing to occur all around (Fig. 14). In this connec- 
tion, stroboscopic observations were made of the performance 
of the rings in grooves, and it was found that, at the bottom 
of the stroke, the rings rotate continuously in the groove trom 
nothing to as high as 6 rpm, depending on the speed and 
load. The ring rotation will gradually increase in speed in 
one direction as the engine speed is increased. It will grad- 
ually slow down with further increases in engine speed until 
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Fig. 8 ~ Scuff test results 


b-hr warm-up, | hr full 
throttle, 3800 rom 

Fourth runt after honing 

Untreated — Average wear 
Compression rings, 0.00325 in 
Oil rings. 0.003 in 








it is stationary and then, with stull further increases in engine 
speed, rotation will start in the opposite direction, 

In contrast with the scuffed rings on short break-in, an 
engine was run in carefully and then put up to 4000 rpm tull 
load for 50 hr, with very different results. While these rings 
look a little different in the picture (Fig. 15), there is no 
appreciable difference in wear between the coated and un 
coated parts. 


As can be seen from the preceding tests, the rings can be 














Fig, 10 — Scuff test results 





V/5-hr warm-up, | he full 
throttle, 3800 rpm 

First run after honing with 
$00 grit stones 

Granoseal ~ Average weer: 
Compression rings, 0.0034 in. 
Oil rings, 0.0038 in. 





—— 














May, 1940 














Sar 
009 4 | 
ACCELERATEO WEAR TEST | 

' TEST CONEITIONS : | 

joes 07s * 4 “our warmur @ (000 R Pm | 


/ HOVR WOT @IBOO RH. & m 
PORES HOMO, S00 GRIT STOWE 
AT BEG OF TEST 

TEST") TO? UNTREATED RUBS | 
TESTS TREATEO MinGS ; SORES | 
AE HOMEO , SOO GRIT STOWE 


3 


3 
a 
WICREASE il ING GAP CLEARANCE ~ WICHES 


———— 
° 
a 


6 
< 


° 
3 
- 


TEST MumaerR 


Fig. || — Reduction in piston-ring wear in succeeding runs of 
accelerated wear test 


used to condition the cylinder not only from the standpoint 
of correcting errors in shape, but also in processing the raw 
metal surfaces of the cylinder wall to form a surface that will 
not break through the oil film under high speeds and loads. 
The following test was made to get additional information 
on this effect: 

A new production engine with cylinder bores honed to a 
finish of 4 to 5 micro-in., as measured on the Abbott pro 
filometer, was run under such conditions that only mild 
scufing would occur, with the results shown in Fig. 16. It 
was felt that this first run would allow the casting and 
machining strains to be relieved. The engine was then 
re-honed to the same finish, new pistons and rings installed 
and the test repeated. Fig. 17 shows that there was very little 
difference in scuffing. A check with the profilometer indicated 
that the smoothness of the bore surface was unchanged. New 
rings were installed on these run-in bores, and the engine was 
again adjusted under the same conditions. This time th: 
rings came through the tests in excellent shape (Fig. 18) 








# test results 


ted and untreated 
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Scuff test results 
-hr warm-up, | he full 
throttle, 3800 rpm 
First run after honing 
Untreated - Pinned 
Note localized scuffing 


The foregoing tests indicated that the same engine could be 
used for more than one scuffing test if the cylinders were 
reconditioned each time. This was important because, to 
obtain accurate comparisons between ring coatings, it was 
desirable to use the same engine, as some of our previous 
work has indicated considerable variation between engines. 
The piston-ring manufacturers were asked to supply rings 
made from the same cast iron, one-half the rings to be coated 
and the others left uncoated. The test conditions were made 
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Fig. 15 — Scuff test results 


Well broken-in rings 
Run [5 hr at 3500 rom and 
60 hr at 4000 rpm 
Pistons |, 3, 5, Coating ''D" on rings 
Pistons 2. 4, 6, uncoated rings 


severe in order to get enough wear in a short run to be easily 
measured. The cylinder bores were honed to give a pro- 
filometer reading of ro micro-in. New pistons and rings 
were installed each time with the two compression rings on 
half the pistons coated and the compression rings on the other 
half uncoated. All the oil rings were uncoated. The engine 
was warmed up for 15 min at 1000 rpm and then run full 
load at 4000 rpm for 1 hr. 

The change in ring gap in a standard ring gage was used 
to indicate the radial wear on the face of the rings. The data 
shown are all given in terms of change in gap, and radial 
wear can be computed readily by dividing the values shown 
in the charts by 2 x. The results are shown graphically in 
Fig. 19. ‘These data show the average wear for five sets of 
coated and uncoated compression rings and also for the oil 
rings which were run below the raw and the treated rings. 
The very marked reduction in wear is readily apparent, with 
the treated rings showing only half the wear of the untreated 
rings. It is interesting to note that, even though the oil rings 


Table 3-— Effect of Cylinder Bore Coatings on Scuffing and Seizure 


Piston fitted to zero clearance —15-min warm-up-—2 hr of running at 4000 rpm full load 


Finish 
Coating Before After 
Ring Travel Cylinder Bottom 
D 106 m” 16 m” 100 m” 
A mm 6 68S lm 12 m” 
C 117 m” Tied up 
B 38 m” 18 m” 33 m” 
Uncoated 1.6 m” Tied up 


m” = Micro-inches. 


Fig. 16— Run No. | on new production engine 
Oil "A, no additive 
En yine No. 8582 


Fig. 17—Run No. 2 on new production engine 


Oil "A," no additive 
Engine No. 8582 


Bores re-honed — New pistons and rir 


3s installed 


Fig. 18 — Run No. 3 on new production engine 


Oil "A," no additive 
Engine No. 8582 


New rinas installed 


Wear in Ring Remarks 

Ring Travel Scuffing 
0.0013 in. 4 rings scuffed Coating not worn off. 
0.0006 in. 3 rings scuffed Coating nearly worn off. 
0.0012 in. Tied up 

(3.5 min) 
0.0001 in. 2 rings scuffed Coating not worn off. 
DP 9 Tied up 

(0.5 min) 
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Table 2— Wear of Coated Vs. Uncoated Rings on Road Test 
Conditions of Test Were 50, 60 and 70 MPH 

Driving for 23.277 Miles 

Coated 


0.015 in. 
0.009 in. 


Uncoated 
0.021 in. 
0.013 in. 
0.020 in. 0.024 in. 
0.020 in. 0.027 in. 
Average cylinder-bore wear at top of ring travel, 0.0014 in. 
Average oil economy, 6300 mpg for entire run. 


Top compression ring 
2nd compression ring 
Top oil ring 

2nd oil ring 
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Fig. 19 — Accelerated ring wear test 


Coated vs. uncoated compression rings 
15-min warm-up 

| hr at 4000 rpm — Full load 

Bore finish, 10 micro-in. 
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Fig. 20 — Accelerated ring wear test 


were not coated, the reduction in wear was about the same. 
Since the reduction in wear on the compression rings had so 
affected the wear on the uncoated oil rings, it was thought 
that, if all the rings including the oil rings were to be coated, 
even further reductions in wear on both rings would result, 
as there would be less material scuffed from the oil rings to 
affect the wear on the compression rings. Tests with this 
combination were made with the results as shown in Fig. 20. 
The wear was practically eliminated with the all-coated com- 
bination for, while the data show only approximately 70% 
reduction, it must be remembered that 0.001 to 0.002 in. 
change in gap is required to seat the ring. The coated rings 


NI 


(below ) had all of the tool marks still showing on the face ot 
the ring (Fig. 21). 

This test was run on a different engine from the first series 
and gives an excellent opportunity to show how difficult it is 
to compare from one engine to another. These rings were 
the same as Set C in the first test, and the results are shown 
in the same chart (Fig. 20) for comparison. The uncoated 
compression rings in the first engine wore about three times 
as much as the same rings in the second one, and the oil rings 
a little more than twice as much. In addition to laboratory 
tests, road tests with coated and uncoated rings have shown a 
25% reduction in wear of the rings which were coated but 
no difference in cylinder-bore wear. 

If conditions in an engine are very severe, the ring coatings 
are rapidly worn off and the benefits of the coating are greatly 
reduced. This condition can be met by applying the coating 
to the entire cylinder surface. Recent investigations have all 
been confined to chemical coatings similar to those used on 
piston rings. Tests have not gone far enough to reach a 
definite conclusion, except to state that the proper coating 
properly applied will greatly reduce the scuffing and prevent 
piston seizure during rapid break-in periods, which will be 
rcflected in reduced wear and longer life of the rings and 
cylinders. The results of some of these tests are summarized 
in Table 3. Fig. 22 shows piston and ring assembly run in a 
block treated with Coating B and Fig. 23 in one with Coating 
C. The pictures indicate very graphically the difference that 
can be obtained with coatings. Indications are that cylinder 
coatings must be thinner than those on the rings to give the 
best results. Smoothness is also important as the rough coat 
ings cause excessive wear. 

With the scuffing and wear under break-in conditions 
greatly reduced by coating all the rings, it was necessary to 
increase the severity of the tests by increasing the duration of 
the time of full-load operation from 1 hr to 2 hr at 4000 rpm. 








Fig. 21 — Scuff test results 
Run No. 2—Coated and uncoated rings 
Pistons |, 3, 5: uncoated rings 
Pistons 2, 4, 6: Coating "C" on rinas 
coated oil rinas 
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Fig. 22 — Pistons and rings from cylinder block treated with 
Coating "B" 


Under these difficult conditions, Coating C gave the best 
results. This coating does not wear off completely but seems 
to wear down with the ring as chemical tests show the coat- 
ing still present when the ring has been worn down several 
thousandths on the face, and the coating was only 0.0003 in. 
thick at the start of the test. 

Under accelerated wear tests, the coated rings showed 50% 
less ring wear; on road tests 25% less wear; and field experi- 
ence shows a marked reduction in oil consumption complaints 
from rings scuffing during the break-in period. There has 
been no indication of increased bore wear with the reduction 
in ring wear. It must be remembered, however, that none of 
these coatings will resist abrasive wear and, if engines are 
operated under severe dust conditions, no difference in life 
will be noted between coated or uncoated rings. 

Under the test conditions covered in this paper, all the 
piston-ring coatings except Coating B performed equally well 
wherever only the compression rings were coated. Coating B 





Fig. 23 — Pistons and rings from cylinder block treated with 
Coating "C" 


was rechecked on two more engines with the coating showing 
no improvement over untreated rings. 

The best results for wear tests were obtained when all the 
rings were coated; however, it is possible that coated oil rings 
may upset oil control in some engines, and this should be 
checked in the individual engine. Laboratory tests with vary 
ing degrees of severity, road tests, and field results all show 
that ring coatings are doing their job of protecting the cylin- 
ders and rings during the periods of boundary lubrication 
that occur during break-in, cold starting, and warm-up, and 
at other times when lubrication becomes scant. 

When accurate comparisons are to be made between coated 
and uncoated rings or between rings with different coatings, 
it is necessary to run the rings in split sets in the same engine 
or run enough engines each way to obtain a fair average. 
The conclusions in this paper all are based on tests of certain 
engines and can be used only as an indication of what may 
hanpen in other engines 





What Direction Signals 
Must Accomplish 


HE need for an adequate means of indicating the driver's 

intention to turn has been present at least since the popu- 
lar adoption of the closed car, and it seems logical that this 
development should have paralleled the stop signal which has 
been in general use as standard equipment on all cars for 
many years. 

It seems unnecessary to dwell at length on this point as all 
have had the exasperating experience of driving behind the 
fellow who has failed to lower a window and signal his inten- 
tion to turn, and the chap who nettles us by wildly waving 
his arm out of the window, with the final objective of dis- 
lodging his cigarette ashes. We, therefore, approach this 
subject from the interest of public safety as well as utility. 
I do not have available statistical figures to indicate the num 
ber of accidents attributed to lack of, or improper signaling, 
but the number is unquestionably of some significance. 

In designing the signal lamps the pedestrian, as well as the 
motorist, must be kept in mind. This calls for signals at both 
front and rear of the vehicle, and in such a location that front 
signals for right and left turns are plainly visible to a pedes 


trian standing at an intersection, as well as to the approaching 
motorist. 

It is now required that both front and rear signals have 
sufficient brilliance to be visible for at least 100 ft in bright 
sunlight. Front signals should be plainly visible when head- 
lights are turned on. This requirement definitely stresses the 
need for a flashing signal, as a non-flashing light tends to 
blend in with the headlight beam and become ineffective. 
Often the reflected sunlight from adjacent highly polished 
parts will produce highlights of sufficient intensity to prevent 
signals from attracting attention if they do not flash. 

Many experiments conducted on streets crowded with 
pedestrians and heavy motor trafic have proved without 
question the greater effectiveness of the flashing signal. 

In addition to the obvious advantage of the rear signal in 
indicating the driver’s intention to turn at intersections, actual 
use has shown that the signal is most effective when endeavor 
ing to travel from one lane of traffic to another, particularly at 
night when hand signaling is of little use. 

Excerpts from the paper: “Growing Interest in Direction 
Signals,” by Harry C. Doane, Buick Motor Division, General 
Motors Corp., presented at the Annual Meeting of the Society, 
Detroit, Mich., Jan. 18, 1940. 
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The 
Automobile Headlamp Problem 





By P. J. Kent 


Chief Electrical Engineer, Chrysler Corp. 


R. KENT points out that there are two dis- 

tinct phases involved in the headlamp 
problem — the engineering phase and the main- 
tenance and usage phase. He presents evidence 
to show that the maintenance and usage phase 
has been neglected and urges the automotive in- 
dustry and motor-vehicle manufacturers to con- 
centrate more effort on the solution of these prob- 
lems. Other important phases of the problem 
discussed by Mr. Kent are the aiming of the beam 
and that of attempting to “divorce the objection- 
able property of glare from the desirable property 
of illumination.” 


Karly in this paper the development of the 
sealed-beam headlighting system is reviewed. The 
following three improvements in automobile elec- 
trical systems are claimed for this system: 


1. Almost universal adoption of the shunt-type 
voltage-regulated generator with sufficient capacity 
to carry the full lighting and accessory load with- 
out drawing current from the battery. 

2. Improvement in car wiring through simpli- 
fication and larger cables in the headlamp and 
battery-charging circuits. 

3. Improvement in headlamp and beam-control 
switches through the use of silver contacts. 


In conclusion, the possibilities of polarization 
are appraised, and the problems that must be 
solved before this system could be applied to auto- 
mobile headlighting are set forth. 


HIS paper is presented to. clarity the relation of past 
and future engineering developments to the practical 
aspects of the headlighting problem. The writer makes 


no claims to the advancement of original research or new 


theories in this field. 


To analyze the headlamp problem one must go back to the 


Mich., Jan. 18, 1940.] 


(This paper was presented at the Annual Meeting of the Society, Detroit, 


tundamental basic requirements. When this is done, we find 
a continuously changing situation. 

In the beginning, general automobile speeds were very low 
and there were very few automobiles on the road>The prob 
lem then was merely a lighting device, reasonably reliable, by 
means ot which the driver could see a reasonable distance 
ahead at night. Oil or acetylene gas lamps with suitable 
reflectors and housings filled the requirement very well. 


Effect of Increased Speeds 


As general road speeds increased, more powertul lighting 
was required, resulting in the introduction of the electric head- 
lamp with parabolic reflector which gave good distance light 
ing. However, as the number of cars on the road increased, 
it became possibly dangerous when two cars approached in 
opposite directions and the concentrated beams from the more 
powerful electric headlamps tended to blind the eyes of the 
oncoming driver. 

The first approach to a solution of this problem was to con 
struct the headlamp switch so that it could be thrown to 
another position which placed a resistance in series with the 
headlamps, making them burn dim. 

There followed a long series of configurated lenses and 
reflectors designed to diffuse the light, and later on the con- 
figurations took on the form of flutes to diffuse the light in 
the beam laterally and prisms to deflect it downward. 

There were many lamps involving the use of screens to 
block off the glaring rays, some utilized the principle of 
double reflection with condensing lenses and some inventors 
worked out variations of the elliptical reflector. 

The purpose of all such devices was to smooth out the 
shadows in the beam, spread it outward sufficiently to illu- 
minate the full width of the road and, finally, to take the light 
from the upper part of the beam and place it below horizontal 
so that no high-intensity or glaring rays would fall into the 
eyes of approaching drivers. 

With the introduction of the patterned beam of light, we 
were confronted with a new problem which has, from that 
time to the present, been one of our most difficult — namely, 
the problem of aiming. 

The situation was relieved somewhat by the introduction 
of devices to tilt the beam of light when meeting other cars. 
There were also numerous devices developed to throw the 
light beams sideways when making turns, so-called dirigible 
headlights. These devices were quite complicated and were 
replaced ultimately by the multiple-filament lamp bulbs which 
deflected the light beam downward at first, and later down- 
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ward and sidewise by switching trom one filament to another. 
The filament which produced the main beam was located 
approximately ‘at the focal point of the reflector, while the 
filament which produced the deflected beam was out of focus. 

Up to this time 21-cp headlamp bulbs had been used but, 
as the two-filament bulbs became used more generally, there 
was a trend toward the use of 32-cp filaments, particularly for 
the upper beam, and lighting engineers were stressing the 
need for better illumination to increase night safety. 

Multiple-beam lighting went through numerous phases of 
development in which the number of beams were increased 
and the beams from the two lamps made different in the effort 
to build up light beams to meet the special requirements of 
all kinds of driving, but they resulted in serious confusion to 
drivers, service repair men, and to law-enforcement agencies 
because, at this stage, our major problem of aiming the lamps 
reached a peak in complication. This condition led to a 
reversal in the trend back toward simplification, namely a 
two-beam headlamp system in which both lamps were alike 
and which produced a straight ahead or country driving beam 
and a deflected or meeting beam in which the light from both 
lamps was deflected to the right and slightly downward. 

The beam indicator was a byproduct of this era and con- 
sisted of one or more small colored light signals to tell the 
driver which beam he was using. It has proved its worth and 
is used almost universally on the late model cars. 


Birth of Sealed-Beam System 


The advent of streamlining with flush-mounted headlamps 
created a demand for a more compact headlamp having the 
same light output as the larger conventional headlamps. This 
demand resulted in the development of a lamp in which the 
filament was located inside a glass reflector which was sealed 
directly to the headlamp lens, making a compact sealed unit 
of the complete optical system. 

Manufacturing problems were worked out to the point 
where the lamp was practical for mass production, and it was 
then presented to the industry in January, 1937. The first 
samples were made with single filaments in 3 and 5-in. diam 
eter units. The 3-in. units were made with a lens and fila- 
ment designed for city driving. The 5-in. units were made in 
two types — one with a high-powered filament and lens to give 
a symmetrical country driving beam, and the other with fila 
ment and lens to give an asymmetric passing beam. At that 
time no method had been worked out to manufacture a prac 
tical two-filament lamp so the three units were developed and 
submitted with the thought that any desired combination of 
beams could be built up by various combinations of the three 
units. 

Automobile manufacturers and lighting engineers were 
quick to realize the possibilities of the new lamps, but it also 
was recognized generally that the introduction of these lamps 
would increase manufacturing, distribution, and servicing 
problems unless the industry as a whole could agree on some 
measure of standardization, not only on size and shape of the 
units but also as to optical and electrical characteristics. 

To carry out this work two committees were created within 
the industry—an Executive Committee, consisting of top 
ranking engineering executives of the various automobile 
companies, and a Technical Committee, consisting of electrical 
and lighting engineers from the automobile and lamp manu 
facturing companies. In this work the Industry Committees 
also worked in close cooperation with the Officials and the 
Engineering Committee of the ; 
Motor Vehicle Administrators. 


American Association of 


Before embarking on a standardization program the Exec 
utive Committee worked out a cross-licensing agreement 


which was signed by the headlamp and automobile manutac- 
turing companies. 

The Industry Committees held their first joint meeting in 
Cleveland in the spring of 1937, and this meeting was fol 
lowed by numerous meetings in Detroit, many of which were 
held at night and at which extensive road tests and demon 
strations were made. 

It was necessary to reach almost unanimous agreement by 
the members ot both committees on the following major 
questions: 


1. Number ot beams. 


tv 


. Optical characteristics of each beam. 
3. Electrical characteristics of each filament, that is, current 
draw, design voltage, and lite. 

4. Overall and detailed dimensions of the lamp including 
lens curvature. 

5- Development of suitable mounting, aiming mechanism, 
and electrical connections. 

6. Recommendations for car wiring, switches, and genera 
tor performance. 

When it finally was decided to adopt the two-beam system 
with a symmetrical country driving beam and an asymmetric 
trafic beam, the lamp manufacturers were requested to exert 
every possible effort to develop a larger sealed unit so that the 
filaments for both beams could be combined into a single 
lamp. 

At this stage of the development some lighting engineers 
produced a sealed headlamp unit using a brass, silver-plated 
reflector which was sealed permanently to a glass lens by a 
spun-over die-cast ring. The light bulb was mounted perma 
nently in the reflector, so that the complete assembly func 
tioned the same as the sealed glass unit. The principle was 
accepted by the Committees and, as the program progressed, 
the ground rules called for interchangeability between the 
all-glass and the metal-glass units. 

Without going into detail about the tests and discussions 
which led to the final decisions on the questions listed, I do 
want to say that they represent a great many man-hours ot 
work and thought, and that it was not at all uncommon for 
the Committee Meetings to start at six o'clock in the evening 
and run into the small hours of the following morning. 

The idea of having both an Executive and a Technical 
Committee was particularly sound because, when the Tech 
nical Committee became too deeply involved in discussion of 
the relative value of certain design or performance character 
istics, it was possible for the Executive Committee to act as a 
reteree and make decisions which resulted in the program 
moving along at a healthy pace and in the interest of everyone. 

The Industry Committees arrived at final decision on the 
design of the sealed-beam unit in time to permit its presenta 
tion and demonstration before the members of the American 
Association of Motor Vehicle Administrators at their 


1935 
Annual Meeting in Detroit. The general idea of a 


sealed 
beam headlamp had been presented to the Administrators at 
a Detroit meeting preceding their 1937 Annual Meeting in 
Cincinnati. The Administrators and their Engineering Com 
mittee were responsible for several valuable suggestions which 
were incorporated in the final design of the sealed-beam unit, 
which the Administrators approved in principle at their 1938 
Meeting. 

Late in 1938 The Automobile Manufacturers Association 
requested their Legislative Committee to work with the Ad 
ministrators to secure revision in the laws of several states 
paving the way for the introduction of the sealed-beam lamps 
on the 1940 model cars. 

As finally approved and released to production the sealed 


beam unit consists of either an all-glass or an interchangeable 
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composite metal-and-glass lamp, producing two beams with 
the nght-hand and lett-hand lamps exactly alike. For the first 
time in the history of the automobile industry the headlamps 
for practically all makes ot cars and trucks are simplified and 
standardized which opens the way to a better solution of the 
maintenance and usage problems which, in the past, have 
been the weakest links in our control over proper lighting. 

With the sealed unit we practically eliminate the problem 
of lighting deterioration with age because, within the lite of 
the filament, there should be no appreciable loss in lighting 
eficiency. Except for adjustment, the service problem has 
become largely a matter of replacing the optical unit in case 
of trouble. 

The aiming problem is simplifed greatly because the in 
structions for aiming lamps on all makes of cars with sealed 
beam lighting are the same. As an outgrowth of the old 
single-beam lamps and the three-beam lamps, we have, in the 
past, aimed to the top or the left edge of the high-intensity 
beam, which introduced wide variation in the actual aim of 
the lamp because the location of the so-called edge of the 
beam could vary greatly, depending on the degree of sur 
rounding illumination at the place where the aiming was 
done. 

The introduction of sealed-beam headlamps has resulted in 
almost universal acceptance of aiming to the center of the hot 
spot of the upper beam, which makes the aim much less 
sensitive to surrounding illumination and, furthermore, at 
tendants in service stations can judge the center of the beam 
much more accurately than they could the so-called edge of 
the hot-spot 

Through the cooperative efforts of the state motor vehicle 
administrators in securing more uniform legislation govern 
ing headlamps in the various states, it was possible to incor 
porate in sealed-beam headlamps an increase in light output. 
For the average 1940 car the increase in light in the upper or 
country beam amounts to about 50% more light than for the 
1939 Car. 

Sealed-beam headlamps also may take credit for the follow 
ing important improvements in automobile electrical systems: 

1. Almost universal adoption of the shunt-type, voltage 
regulated generator with sufficient capacity to carry the full 
lighting and accessory load without drawing current from the 
battery, which means that the voltage of the system is main 
tained at a proper value to insure burning the headlamp fila 
ments at full efficiency regardless of load, and at all speeds 
above 20 mph. Many of the older generators could not carry 
the load at high speeds, causing the voltage to drop and the 
lamps to operate below their rated output. 

2. Improvement in car wiring through simplification and 
the provision of larger cables in the headlamp and battery 
charging circuits. 

3. Improvement in headlamp and beam-control switches 
through the use of silver contacts which insure low-resistance 
contacts throughout the life of the car. 

In developing the sealed-beam lamp, close contact and 
friendly relations were established between the industry engi 
neering executives and the state motor vehicle administra 
tors, resulting in a better understanding of their respective 
problems. 

To review the headlamp problem up to the present time it 
might be well to point out again that there are two distinct 
phases involved — namely, the engineering design and devel 
opment of the lamp; and, second, the maintenance, adjust 
ment, and usage of the equipment in the field. 

The patent office records will testify to the amount of 
mental effort which has been expended on the engineering 
problem and, so far as headlighting has a bearing on traffic 
safety, it might be said that the accident records testify to the 
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neglect of the maintenance, adjustment, and usage problem. 
I make this statement because, in my long experience in the 
held, | have been impressed with the relative insignificance of 
many points of headlamp beam pattern and design over which 
engineers have argued for hours at a time, when compared 
with the result on the road which depends so much on the 
service-station mechanic and the car driver. Garage mechanics 
frequently aim headlamps so incorrectly that much of the 
engineers development is of no consequence. Owners often 
will drive with one bulb out, a lens cracked, reflectors tar 
nished, or will neglect to shift the beams when meeting other 
cars. It is, therefore, very important that the automotive 


industry and the motor-vehicle 


administrators concentrate 
more effort on the solution of these maintenance and usage 
problems if we are to receive a reasonable benefit from the 
advances which have been made by the engineers. 


Thousands of Patents Issued 


| would like to clear up another point with respect to the 
engineering phase of the problem. Since the advent of the 
electric headlamp there have been literally thousands of pat 
ents issued covering different methods of controlling the 
headlamp beam or the shape of the beam pattern. Inventors 
and, in many cases, accredited scientists have produced head 
lamp designs on which they have made the most fantastic 
claims for producing marvelous illumination without the least 
particle of glare to the oncoming driver. Many fancy names 
have been coined or taken from the dictionary to describe 
their achievements. 

A simple analysis of all of these devices discloses a few 
fundamental principles on which they all depend: 

1. The amount of light in the beam of a new lamp is 
largely dependent on the capacity of the bulb filament and 
the eficiency at which it is operated. 

2. The beam pattern is controlled by the use of the princi 
ples of reflection and refraction and by the use of absorption 
screens. A clever designer can vary the intensity of light in 
different parts of the beam almost at will. 

3. The beam is controlled by the use of multiple light 
sources in a single reflector; by moving a single light source 
in a reflector; by moving part or all of the reflector about a 
stationary light source; by moving the complete lamp or 
reflector and light source together; and by the fixed aim of 
the beam of two or more lamps with a means of switching 
from one combination to another. 

Combinations of the principles contained in the foregoing 
three paragraphs will account for most of the headlamp 
patents which have been applied for in the last 25 yr and, 
again, | want to repeat that the best of them are good only 
when the lamp is adjusted and used properly. 

This paper would not be complete without taking a brief 
look into the future. There is another means of controlling a 
ray of light which has been known for many years, but which 
it has been impossible to apply on a commercial scale until 
quite recently. I refer to the principle of polarization. Since 
Mr. Land developed the material which he calls “Polaroid,” 
many people have believed that the use of polarized light on 
automobiles would be the next important development, and 
probably the ultimate solution of the headlight problem. 

The old adage of: “You can’t have your pie and eat it too,” 
has certainly been the best answer in the past to the inventors 
of the headlamps with fantastic claims for giving wonderful 
illumination without glare because, when mounted on a mo\ 
ing vehicle which operates over all kinds of roads and with 
different loads in the car, there has been no way to have high 
intensity light for distant illumination without glare in a fixed 
beam. The engineers resorted to the obvious idea of having 
one beam to get the distant illumination when needed and 
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another beam with reasonable illumination and limited glare 
for meeting other cars. 

With polarized light, theoretically, at least, that old adage 
does not hold. This principle offers very interesting possibili- 
ties for the ultimate solution of one of the greatest problems 
in headlighting, but its application presents some difficult 
problems for which the industry is seeking solution. 

To utilize the principle of polarized light for securing 
illumination without glare, it is necessary that all of the cars 
which meet on the highway be equipped with a polarizing 
screen placed in front of the light source and reflector of the 
headlamps and, in addition, a polarizing screen placed be- 
tween the driver’s eyes and the view ahead. The plane of 
polarization of the screen placed in front of the headlamps of 
one car must be at right angles to the plane of polarization 
of the screen placed in front of the eyes of the driver of the 
opposing car. This can be accomplished by locating the 
screens on each individual car so that the planes of polariza- 
tion of both screens are parallel and at a 45-deg angle with 
the ground. The direction in which the 45 deg is taken must 
be standardized for all cars so that the polarizing planes of 
opposing cars will be at right angles to each other. 


Problems of Polarization 

Assuming that the polarizing screens were readily available, 
there would be no incentive for the car owner to equip his car 
unless he knew the cars that he would meet on the road would 
also be so equipped. A great many people will say that the 
answer to this problem is to pass laws requiring all cars to be 
equipped with polarizing screens as of a certain date. 

Even though it were possible to produce in time the ap- 
proximate go million screens which would be required for 
such a program, the answer to our problem would still be 
very complicated and far from solved. 

In passing a beam of light through a polarizing screen, 
60% of the light is absorbed so that it would be necessary to 
use headlamps with 2’ tmes the light output of present 
headlamps to secure the same degree of illumination on the 
highway. In addition, the driver must view the highway 
ahead through a polarizing screen, which absorbs part of the 
light reflected from the highway and objects in the range of 
view. To secure the same degree of vision it would, therefore, 
be necessary to increase the light output of the headlamps still 
further. Just how much the headlamp output would have to 
be increased to secure the same effective vision as we have 
today is still a debatable question. By eliminating glare from 
the lamps of approaching vehicles it is argued that vision 
would be relatively less impaired and, therefore, it would not 
be necessary to increase light output in the same proportion 
as the light is absorbed by the polaroid screens. 

The theory also has been advanced that dark-colored objects 
reflect polarized light with less depolarization than is the case 
with light-colored objects consequently, in passing the re- 
flected light from dark objects back through the viewing 
screen, very little is lost due to further polarization and the 
loss is largely limited to that due to lack of transparency of 
the material in the screen. As we must base our safe degree 
of vision on our ability to see dark objects on the road, this 
characteristic of reflection of polarized light is a further rea- 
son for not increasing the light output of headlamps in the 
proportion which would seem to be required due to the 
polarization and absorption of light in the headlamp and the 
viewing screens. Until we can determine by experimental test 
the relative value of the various factors which determine 
visibility with the polarized system of headlighting as com- 
pared with our present systems, it is safe to assume that it will 
be necessary to at least double and probably triple the power 
input to our headlamps if we are to secure vision equal to our 


present standard. This statement means that our present 
35-amp generators would have to be discarded and that we 
would at least require generators with a capacity of 50 to 65 
amp. Headlamp and charging circuit cables would have to be 
increased in size. Switch contacts would have to be improved 
greatly or relays adopted to handle the headlamp current. 
Unless the generator cut-in speeds were reduced, we would 
probably require larger batteries. 

Betore considering the commercial application of polarized 
lighting the engineers would have to make extensive tests in 
all climates to make sure that the polarizing material would 
retain its efficiency in polarizing light under all conditions 
over a period of time. Mr. Land recently disclosed a develop 
ment in polarizing material, namely polyvinyl alcohol, a trans 
parent plastic specially treated, which can be formed and 
bonded to a sealed-beam headlamp lens. The polarizing mate 
rial is in a plastic instead of a crystalline form and is said to 
be more durable and the polarizing property more permanent. 

Coming back to the problem of introducing polarized light 
ing after the engineering problems have been solved, it is 
evident from the previous discussion that it would be imprac- 
tical to attempt, even by legislation, a universal change-over 
to polarized lighting. 

Probably the most practical way to introduce polarized 
lighting would be by engineering, management, and enforce- 
ment procedure similar to that used to introduce sealed-beam 
lighting on the rgq4o cars. If this procedure were followed 
and all manufacturers introduced polarized lighting on their 
new models at approximately the same time, there still would 
be a difficult problem presented by the old cars, by pedestrians 
and by drivers of vehicles not equipped with polarizing view 
ing screens. 

Polarizing screens could be made somewhat similar to our 
sun visors and installed on the older cars to use when meeting 
the new cars which, we shall assume for the time being, have 
single fixed-beam lamps. With the lower degree of illumina 
tion provided on the older cars, the driver’s vision when look 
ing through a polarizing screen probably would be reduced to 
a point which would make driving unsafe. 

If the drivers of old cars attempted to meet the new cars 
without a polarizing screen, they would be blinded to a degree 
which would also be unsafe. 

The only safe idea which has occurred to me would be to 
require the polarized type of headlight to have two beams and 
require the drivers to continue to depress when meeting other 
cars for a period of years until the old cars are eliminated. 
Then we might be able to change over to fixed beam lights 
and secure the full benefits of polarized lighting. 

If the application of polarized lighting can be made practi 
cal for use on automobiles, the job will certainly be done but, 
to do so, we must first find practical solutions for the prob 
lems which I have outlined. 

Briefly and generally this covers the author’s viewpoint on 
the headlamp problem and, in conclusion, I wish to lay par 
ticular stress on the fact that recent improvements in head 
lighting have standardized and greatly simplified the service 
and usage problems in the field. However, we still have an 
optical system, good though it is, which is sensitive to aim 
and, until such time as we can divorce the objectionable prop 
erty of glare from the desirable property of illumination, we 
must continue to face this greatest of all modern headlighting 
problems, namely, the aiming of the beam. 

It is hoped that all agencies who are interested in promoting 
night driving will concentrate their efforts on educating ser- 
vice stations and the general public in the proper adjustment 
and usage of headlamps. It is the writer’s opinion that noth 
ing else about the car will contribute so much to the pleasure 
and safety of night driving as good headlamps properly aimed. 
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Shortcomings of Mica Insulation 


for Aviation Spark Plugs 


By Val Cronstedt 


Research Engineer, Pratt & Whitney Aircraft, Division of United Aircraft Corp. 


HIS paper deals with the reasons for adopting 

mica as a spark-plug insulator. and its ulti- 
mate failure as demands on reliability and engine 
performance have increased. 


The author points out in detail the mechanical 
make-up of an aviation spark plug, and the role 
the mica plays in the assembly, and its inability 
to function properly because of its characteristics. 


It is suggested that the design features giving 
good account of themselves in the present type 
plug be retained if new insulating materials be 
proposed. 


It is shown that the spark plug often is blamed 
for defects in the current-distributing system 
when the trouble may not be seated in the plug 
at all. 


N examination of the records of American air-transport 
activities shows that between 4o and 60% of the 
schedule interruptions due to mechanical reasons are 

chargeable to the powerplant ignition equipment. Phrasing 
this statement another way, it can be stated authoritatively 
that between 80 and go% of the delays caused by the engine 
itself have their source in ignition troubles. Such a high 
proportion of interruptions by one unit naturally has directed 
our attention to these particular problems, and an intensive 
program to alleviate these ills has gained momentum. 

It is difficult to decide what part of the ignition system is 
mostly at fault. One can divide the ignition group into its 
three main sections: the magnetos with their mountings and 
drives; the current distributing system with its cables, metallic 
shielding, couplings and connections; and, finally, the spark 
plugs. Using the present methods and the necessarily concise 
airline maintenance records, little progress can be expected 
toward finding the exact source of trouble. Recently, the 
Civil Aeronautics Authority has proposed that more extensive 
maintenance records should be kept, and these records should 
assist toward a solution of this problem. The diagnosis for 


[This paper was presented at the Annual Meeting of the Society, Detroit, 
Mich., Tan. 16, 1940.] 


June, 1940 


these records, however, is left to the individual making the 
correction and, in a complicated system like ignition, this may 
still constitute a weakness when these records become avail- 
able for analysis. The spark plug, and this paper concerns it 
alone, is the place where any ignition trouble first shows up 
by its failure to ignite the charge, as an electric light bulb 
when it goes out may show interruption of central-station 
service. Thus, it is very likely that the spark plug many times 
is blamed for defects in the other two groups of the ignition 
system when the trouble may not be seated in the plug at all. 
True enough, a new plug may temporarily, and frequently 
does, rectify a defect existing in the wiring system. Likewise, 
a new plug often will remedy a carburetion defect when the 
ignition system is fundamentally free of fault. In either case 
the new plug has a maximum insulating resistance and a 
minimum sparking voltage which together remedy ignition- 
system or mixture deficiencies. However, if perfect spark-plug 
condition is required to secure satisfactory functioning of the 
ignition and carburetion systems, they must be considered as 
inadequate. When defective operation is cured by a spark- 
plug renewal, it is probable that the replacement will be for- 
gotten in the not unlikely event that another plug change is 
required in a few hours. Furthermore, the second replace- 
ment is likely to take place at another maintenance station 
which does not have immediate access to the maintenance 
records. 

However, despite the fact that the spark plug frequently is 
blamed for defects that are due to other causes, there is no 
question that a very large amount of operating difficulty is 
charged justly to the deficiencies of the available spark-plug 
types. Even if only 20% of the enormous number of spark 
plugs that are charged with being defective in modern airline 
service are really faulty; nevertheless, even this percentage is 
a powerful indictment against present spark-plug design, 
materials, and manufacture. The maintenance records of one 
coast-to-coast airline show that, for a collective total of 5350 
engine flying hr selected at random, the number of scheduled 
plug replacements was about 3500 and the unscheduled re- 
placements reached the astonishing figure of 2187 among a 
group of 60 engines. (In considering these figures it should 
be borne in mind that valve or valve gear replacement, adjust- 
ment, or examination was nil.) At the present time no reli- 
able or simple method is in common use that readily directs 
plug failure to any one specific cylinder. When a pilot on the 
return from a trip reports a rough engine, it frequently is the 
practice to change the whole set of plugs, as schedules in many 
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instances do not allow the time for a careful investigation to 
determine in what cylinder the trouble is located. 

During the late War spark plugs with porcelain insulators 
were in exclusive use (in American engines) and appeared, 
with the exception of a few specific diseases, to operate satis- 
factorily. Two reasons probably contribute toward this pecu- 
liar phenomenon: One is that demands on reliability were 
then greatly different from present requirements and another, 
that the specific power output of the engines was then very 
much lower. The fact that porcelain spark plugs are today 
giving an excellent account of themselves in vehicle power- 
plants indicates that the average specific power output to 
which the plugs are subjected is the main cause for the difh- 
culties that are encountered in this type of plug in aviation 
service. 

The difficulties that led to the abandonment of the porcelain 
plug were twofold: The advent of the early-type air-cooled 
engine subjected the spark plugs to very violent and rapid 
temperature fluctuations, causing insulator cracking and gas 
leakage. The insulator cracking was particularly dangerous 
in respect to causing both preignition and detonation. The 
iatroduction of antiknock ingredients in aviation fuels caused 
insulator difficulties due to the affinity of the glaze on the 
porcelain to the resultant products of combustion. The rela- 
tively high electrode temperatures also resulted in rapid 
electrode erosion at the sparking point. It should not be 
construed here that it is the writer’s opinion that rapid elec- 
trode erosion is associated with a ceramic material, but rather 
that the electrode design to be found in the early spark-plug 
examples was inadequate for the service. 

The difficulties with porcelain plugs became so acute that 
the industry cast about for another spark- plug insulating 
material more suitable for the severe service experienced in 
aviation engines. Mica had long been known as an excellent 
insulating material in the electrical industry, and mica aircraft- 
engine plugs were used extensively by the British in 1914 and 
onwards. 

Mica, from the Latin noun “mica,” a grain, or the verb 
“micare,” to glitter, is a group of crystalline silicates, char- 
acterized by their peculiar laminated structure and ability to 
be split into exceedingly thin (0.001 in. or less) elastic, trans- 


‘ See Inform: om, oe ular 6822, U. S. Department of the Interior, April, 
1935; “‘Mica,”” by . F. Horton. 
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Fig. | — Two typical designs of mica aircraft spark plug now 
in extensive service 


parent toil. Eight distinct branches of the mica family are 
recognized, although only two are of importance to the avia- 
tion spark-plug industry, namely: 
Lepidolite (HoF )oKLi Als SigQO; 
Phlogopite HK (MgF) 3Mgzs Al (SiO,), 

The mineral occurs in nature in many widely separated 
locations. It exists in innumerable variations of color, trans 
parency, and purity. Therein, of course, lies its most pro 
nounced fault as an industrial material in a highly specialized 
application. 

Horton! expresses the opinion that the superiority of mica 
from a certain location for particular applications is super 
ficial, as he believes that any variation is caused by the more 
careful selection and grading practiced in some mining local 
ities. This statement recently has been disproved by engine 
tests as applicable to aviation engine spark plugs. The present 
most successful aviation plug is limited wholly to lower 
washers made from “Canadian Amber” (Phlogopite) with 
cigarettes constructed from flexible Madagascar or Brazilian 
Lepidolite. Extensive service experience indicates that these 
are the best mica materials so far tested for these particular 
applications. 

In the period 1920-1927 American mica plugs were ade 
quate but, in the ensuing years during which specific engine 
power has increased, correspondingly greater service reliability 
has been demanded and the mica spark plug has had a con 
tinual fight for existence with many detail mechanical im 
provements taking place. It is the opinion of the engine 
industry that, in recent years, plug development has constantly 
lagged seriously behind engine development and that more 
initiative on the part of spark-plug designers and manufac 
turers would have accelerated engine progress considerably. 
In spark-plug development in the last 20 yr, no improve 
ment or series of improvements can be considered as having 
the same fundamental importance as the introduction of the 
aluminum piston or the internally cooled exhaust valve, into 
aircraft-engine practice. Detail mechanical improvements 
rarely have been incorporated in the spark plugs until experi 
ence has indicated that the plug then in use had proved 
definitely unsatisfactory. 


Numerous Designs Considered 


Most of us are probably familiar with the generation upon 
generation of spark-plug designs that have been proposed, 
manufactured, and tested in order to overcome the short 
comings of mica. I am certain that those of us who have been 
engaged in engine development work have had _ virtually 
dozens of spark-plug sections passing through our desk 
drawers for comment and consideration. The center electrode 
has grown greater and greater in diameter. Its material has 
been changed from iron to stainless steel and then to very 
complicated alloys. It has been made in several pieces “ 
welded together. It has been covered with a copper tube; 
has been made hollow and filled with copper in order to 
improve its heat-conductivity characteristics. The mica wash 
ers have been made thick and thin. The cigarette enclosing 
the central electrode for electrical insulating reasons has been 
made long and short, thick and thin. The gasket sealing the 
joint between the shell and the core has been located in all 
conceivably different places. Even so, after viewing this tre 
mendous mass of suggestions, it appears impossible to im 
prove, mechanically, the mica spark plug sufficiently for it to 
hurdle the present obstacles and really get out in front ot 
engine development where it may have the factor of safety 
which its important and severe duty demands. 

In order to illustrate the various design features of an 
up-to-date mica spark plug more clearly, Fig. 1 shows two 
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typical plugs now in extensive service in this Country and 
abroad. The various components have been labeled and the 
great role that mica plays in the design of the assembly is 
apparent. 

A critical examination of the plug design as it is generally 
constructed today of a steel shell (it may be made from 
ordinary iron or stainless steel) incorporating the ground 
electrodes, the core with its integral radio shield, central elec 
trode encased in the mica cigarette, nose and the terminal end, 
is likely to indicate why we have so much trouble with it. 
The device is subjected to an electrical potential of 7,000 to 
10,000 v; the nose is subjected to an extremely intense heat; 
and the outer end must, supposedly, be cold and enclose the 
wire connection. The unfortunate situation is that electrical 
resistance of a material in practically all cases follows heat 
conductivity, and mica is known for its high resistance to 
heat conduction (0.0018 cgs) and is used in many applications 
because of this. Consequently, as we interpose a material of 
sufficient electrical resistance to withstand the high voltage, 
we also introduce an excellent heat insulator. The spark plug 
thus becomes extremely inflexible in its automatic adaptation 
to different engine operating conditions and we may find that 
we have a plug that is so cold that under idling conditions, 
oil, gasoline, moisture and current-conducting deposits accu 
mulate on the insulator, providing an electrical shunt directly 
from the center wire to ground, rendering it useless and giv- 
ing us a fouled plug. Or it may be so hot at maximum power 
output that the materials are destroyed. 

It is difficult to visualize how the spark plug can be colder 
than the surrounding cylinder-head mass. Developments in 
materials permit, while increases in engine output and air- 
plane performance demand, cylinder-head temperatures in 
air-cooled engines of 550 to 600 F. These temperatures, in 
themselves, practically condemn mica from further considera 
tion. All mica used in present-day spark plugs contains crys 
tal water, to the extent of 4 to 6%, that is dehydrated at 
approximately 1000 to 1200 F, causing a complete breakdown 
of the crystalline nature of the mica, destroying its mechanical 
properties, and causing rapid failure of the plug. The mate 
rial becomes brittle, white, and powder-like and expands 
greatly and, in this form, it naturally will not withstand the 
mechanical stresses imposed upon it. Innumerable examples 
of spark-plug failures have resulted from engine tests, and it 
is the serious result of such failures, caused by the detonation 
that invariably follows, which is, of course, our main concern. 

The temperature flexibility demanded in a spark plug — not 
too hot at maximum power, yet hot enough to prevent fouling 
during engine idling — imposes a severe duty on mica as an 
insulator. The comparatively long core noses dictated by this 
requirement produce temperatures at the center electrode tip - 
with a gasket temperature of 550 F —that are -very close to, 
and frequently exceed, the temperature at which loss of crys 
tallization water occurs. Therein lies the reason for the nar- 
row margin of safety that exists in the mica plug. 

Manufacturers and designers of mica plugs, realizing the 
low heat conductivity of their medium, have done remarkably 
well in their efforts to “cool” the center electrode. In their 
effort to raise the arbitrary bmep, accepted as the present 
method of rating plugs, the mica cigarette has been made 
thinner to shorten the path for heat flow, and to compensate 
for the deficiencies of mica as a heat conductor. This ex 
pedient has made the cigarette much more delicate and 
subject to mechanical and electrical fracture, besides increas- 
ing the electrical capacitance of the secondary circuit, which 
is already high from other causes. 


2See SAE Transactions, Vol. 34, September, 1939, pp 
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Fig. 2 —- Mica spark plug core which has been heated to 1200 F 
and, as a result, has failed by hoop stress 


A turther examination of the sections shown in Fig. 1 
draws attention to the unsatisfactory state of affairs that exists 
in regard to thermal expansion of the assembly. Mica has a 
thermal expansion coefficient of 8.3 x 10° cm per deg C 
(normal to the sheets) —less than half that of the austenitic 
stainless steels often employed for center wires. This action 
naturally leads to a loosening of the washers when the plug 
is subjected to engine temperatures, allowing carbon, oil and 
other products of combustion to lodge between the washers. 
This occurrence is likely to be the cause for this peculiar type 
of failure described by Banks* and frequently experienced in 
this Country. 

Fig. 2 shows a mica plug core which has been heated to 
1200 F. This treatment has caused loss of water of crystalliza 
tion in the cigarette mica and, as a result, has expanded, 
causing the stack of washers to fail by hoop stress. Fig. 2 
may, in part, explain the mechanism of pin-hole formation. 

The afhnity of the mica washers for moisture is another 
serious source of failure. This condition has reached such 
proportions that many plug users have established the practice 
of storing plugs in specially prepared heated cabinets, which 
is a nuisance to say the least, and is directly chargeable to the 
insulating material. 

An accumulation of lead-compound deposits noticeably 
changes the thermal characteristics of a spark plug if the 
insulator nose and center electrode operate at sufficient tem- 
peratures to react with the deposit. In general, if the deposit 
is in a granulated condition, it will not react with the under- 
lying surface but, with the deposit fused, it becomes much 
more active. If the insulator and center electrode materials 
are inert to inorganic lead compounds, the fused deposit 
would have little effect on the thermal characteristics of the 
plug. If, however, the insulator material reacts with the 
deposited lead compounds, a rough, slagged surface may be 
formed, and this surface is likely to operate at an incandescent 
temperature which may well bring on preignition. This type 


(Concluded on page 242) 











Ceramic Insulators for Spark Plugs 


By Frank H. Riddle 


Director of Research. Champion Spark Plug Co., Ceramic Division 


HE word “ceramic” is derived from the Greek 

word “keramos”’ meaning “burned stuff.” 
thus indicating its inorganic character, Mr. Riddle 
explains. Although the word is commonly asso- 
ciated with the substance known as clay, in mod- 
ern usage it includes a large number of minerals 
and rocks and a correspondingly large number 
of mineral products, such as the many clay prod- 
ucts, glass in its many forms, enamels, and the 
cements. The chief actors on the stage of ceramic 
insulators, he indicates, are the silicates, especially 
the silicates of aluminum. 


Taking up clays first in his discussion of ceram- 
ics, he shows that clays differ enormously in 
their physical properties chiefly because of differ- 
ences in mineral structure, particle size, and the 
impurities associated with them because of their 
geological history. Quartz, feldspar, porcelain 
and spark-plug porcelain also are treated in his 
presentation. He shows that spark-plug glaze has 
a surprising effect on the physical properties of 
the insulator. 


Mr. Riddle then lists and discusses some of the 
properties which are involved in the performance 
of spark plugs: density, porosity, and refractori- 
ness; mechanical strength; thermal expansion: 
electrical resistance and other electrical proper- 
ties; thermal conductivity; resistance to heat 
shock; and resistance to chemical agencies. 


HIS paper deals with the materials and properties of 
the ceramic insulators employed in spark plugs. By way 
of explanation, the word “ceramic” is derived from the 
Greek word “keramos,” meaning “burned stuff,” thus indi- 
cating its inorganic character. Commonly, the word is asso- 
ciated with the substance known as clay but, in modern usage, 


[This paper was presented at the Annual Meeting of the Society, 
Detroit, Mich., Jan. 16, 1940.] 

1See the Journal of the American Ceramic Society, Vol. 20, February, 
1937, pp. 31-42: “Contribution of Mineralogy to Ceramic Technology,” by 
W. J. McCaughey. 


it includes a large number of minerals and rocks, and a 
correspondingly large number of mineral products, such as 
the many clay products, glass in its many forms, enamels, and 
the cements. 

Chemically speaking, we deal in this feld with minerals 
that have as important components the SiO, tetrahedron and 
the SiO, ring, as well as the hexagonal rings ot the AlOg 
groups. We are thus concerned with the world of Si ions, and 
the characteristic properties of each material depend upon 
two things: the arrangement of the atoms within the com 
ponent crystals, and the size and distribution of the crystals.’ 
The ionic structure of the crystals with the relatively small 
ionic radius of Si, the moderately small radius of Al, and the 
large one of O, tends to build atomic complexes of many 
kinds, in the form of many minerals. Commonly speaking, 
the chief actors on this stage are the silicates, and especially 
the silicates of aluminum. 

The first ceramic insulators were made of porcelain which 
consists essentially of three components — clay, quartz and 
feldspar. Thus, the well-known hard porcelain tableware of 
Europe is composed of 50% clay, 25% quartz, and 25% 
feldspar. By molding the desired articles from this mixture, 
drying and firing them to a sufficiently high temperature, 
we obtain the vitreous and translucent product known as 
porcelain. 

Clays 

Clays are essentially silicates of aluminum and correspond 
to the chemical formula AlgO3.2SiO0..2H2O. They differ enor 
mously in their physical properties chiefly because of differ- 
ences in mineral structure, particle size, and the impurities 
associated with them because of their geological history. 

For our purposes we need to consider only the purer grades 
of clay such as are used in making the finer grades of pot 
tery. These may be roughly divided into two classes — the 
kaolins and the plastic bond clays. The former are relatively 
larger grained, less plastic but, when fired, assume a more or 
less nearly white color. The latter clays have a very fine 
structure, with a large percentage of particles below 0.5 
microns in size and, as a result, possess highly developed 
plasticity and bonding power. They fire to a somewhat cream 
color on account of impurities which are lacking in the 
kaolins. Both types of clay consist essentially of a mineral 
base which corresponds to the typical kaolin formula but may 
differ in crystal structure, so that we may have kaolinite, 
anauxite, nacrite, dickite, halloysite, and allophane. The first 
named is, however, by far the most common. All types show 
certain colloidal properties, depending upon their fineness of 
grain and the impurities present. Thus, all of them may be 
dispersed or deflocculated, through the addition of alkali, and 
coagulated by acids or salts. 
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The outstanding properties of the clays are their plasticity, 
their shrinkage in drying, their condensation and shrinkage 
in firing, and their growth in hardness and mechanical 
strength as the firing temperature is increased. By determin- 
ing the porosity of clay specimens fired at definite tempera- 
tures, and plotting the porosity values in per cent against the 
temperatures, curves are obtained which show the pyro- 
physical behavior of the material. In this manner, the tangent 
of the curve shows the rate at which the clay contracts under 
the heat treatment given it in that, with increased tempera- 
ture, the porosity becomes lower and lower until it approaches 
zero. The more rapid the descent of the curve, the more 
impurities are present in the clay. The contraction of the clay 
volume is due to the effect of surface tension which tends to 
contract the material to a minimum volume. The temperature 
at which zero porosity is approached is known as the vitrifica- 
tion point and is characteristic of the clay in question. The 
higher this temperature, the purer is the material. Upon 
further heating, the porosity may again rise due to the evolu- 
tion of gases, a stage known as overfring which indicates 
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Fig. | - Change in porosity and shrinkage of a clay fired at dif- 
ferent temperatures 


deterioration or a breakdown of the clay. Such a curve is 
shown in the diagram of Fig. 1. Finally, the clay melts to a 
slag-like mass, at a temperature depending upon the amount 
of impurities it contains. For the purer clays it varies from 
1704 C (3100 F) to 1760 C (3200 F). 

The outstanding points during the heating cycle of clays 
are as follows: They dry completely at 104 C (220 F); at 
500 C (932 F), they lose their chemically combined water in 
an endothermic reaction requiring 10.8 cal per gram-molecule; 
at this temperature they also undergo an increase in volume; 
at 800 C (1472 F), they pass through an exothermic reaction 
which may be due to molecular dissociation; above this tem 
perature the action of any fluxes present begins to be effective 
as shown by the contraction of the mass and a decrease in the 
true density. At still higher temperatures the clays begin 
to dissociate according to the reaction: 3(AlsO3.2SiO2)—- 
3A1,03.2Si02+-4SiO2, where the new aluminum silicate 
formed is mullite, a compound which at first is amorphous 
or cryptocrystalline, but later develops into needle-like crystals 
that become larger as the temperature continues to rise. 

The clays also carry smaller percentages of accessory min 
erals of which mica is probably the most persistent. Several 
types of this mineral may occur. In mica the structure con 
sists of ions which are arranged in sheets, each layer forming 
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a hexagonal network. As a component of ceramic mixtures 
the micas are not desirable. 


Quartz 


This common form of silica is an important constituent ot 
most ceramic products. Simple as quartz in the form of sand, 
quartzite, or sandstone may appear to us, it offers an unsus 
pected, complicated story when it is subjected to heat. While 
stable at ordinary temperatures, its characteristic is to change 
its structure as soon as it is heated to higher temperatures. 
At 575 C (1067 F) it changes sharply from its original crys 
talline structure to a new one, accompanied by an increase in 
volume. We say that it has inverted from alpha to beta 
quartz. Above 870 C (1598 F) we have another inversion 
to the modification known as tridymite, but this inversion, 
however, is so sluggish that ordinarily a third form, cristobal 
ite, first may be produced above 1470 C (2678 F). The 
cristobalite has two forms, alpha and beta cristobalite, and the 
tridymite has three — alpha, beta, and gamma tridymite. At 
each inversion a volume change takes place. It is thus seen 
readily that, unless every portion of a piece of quartz rock, be 
it large or small, reaches an inversion temperature at the same 
time, enormous stresses are set up. The tridymite has two 
low-temperature inversions at 117 C (243 F) and 163 C 
(325 F), respectively. The cristobalite has one which is vari- 
able and may be as high as 277 C (531 F), or as low as 198 C 
(388 F). Above 1710 C (3110 F) the silica melts to a glass 
(fused quartz) which may become transparent and is noted 
for two of its very important properties — its transparency to 
ultraviolet light, and its exceedingly low coefficient of thermal 
expansion. 

The original quartz thus may exist in eight modifications. 
The volume changes involved in the inversions are greatest 
for the cristobalite, followed by the change from alpha to beta 
quartz, and least for the tridymite. 

The various silica inversions are shown in the diagram ot 
Fig. 2. For ceramic purposes the quartz is ground quite fine, 
to pass the 200-mesh sieve and blended with the other con 
stituents of the body. 


Feldspar 


The minerals chiefly to be considered in this group are the 
potash feldspars, microcline and orthoclase, both of which 
have the typical formula: K2O.AleO3.6SiO,. They are thus 
silicates of alumina and potash and may be considered to be 
alkali salts. They do not exist in the pure form but invariably 
carry smaller percentages of soda. 

This crystalline component is a hard mineral with well 
defined cleavage. It is introduced in the finely ground state. 
When it is heated to a sufficiently high temperature, it grad- 
ually loses its crystalline character and becomes a glass. It is 
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more or less transparent but shows an extraordinary reluc- 
tance to flow as a glass should. It is this characteristic be 
havior which makes it so valuable a flux in ceramics since it 
brings about the consolidation and vitrification of a porcelain 
without undue distortion and deformation of shape. Even at 
temperatures well above the so-called fusion point, a potash 
feldspar has been found to have a viscosity of 1,104,000 poises 


Feldspar 
P 














Fig. 3-Tri-axial diagram showing the field of possible porcelain 
compositions (by Kleinfelter and Gilchrist’) 


at 1310 C (2390 F), 602,000 at 1366 C (2491 F) and 525,000 
poises at 1394 C (2541 F). This explains the remarkably 
sluggish flow of this flux and which performs its function 
only because of the great surface tension force to which all 
ceramic bodies are subjected at higher temperatures. Yet, at 
temperatures sufficiently high, the mobility of the feldspars 
becomes great enough to assume more of the properties of 
glass and behave as the alkali salts it really is. 

From conductivity measurements” * it has been found that 
glass possesses the properties of an electrolyte, and that the 
alkalies, especially the soda, are most active in promoting the 
conductivity. Other bases, like the oxides of the alkaline earth 
group, bring about a distinct increase in the electrical resis 
tance. In this respect feldspar is analogous to glass and is 
subject to similar laws at the temperatures with which we are 
concerned. 


Porcelain 


The ceramic bodies known as porcelain consist essentially 
of clay, chiefly kaolin, quartz, and feldspar. The clay is the 
plastic agent which permits the wet mixture to be molded 
and shaped. The quartz produces the rigid skeleton which 
lowers both the drying and firing shrinkage and imparts to 
the mass the necessary resistance to distortion at the high 
temperatures which are involved. The feldspar functions as 
the glassy cement which unites the whole to form a vitrified 
structure that approaches zero porosity and produces a certain 

2See the Journal of the American Ceramic Society, Vol. 7. 
1924, pp. 86-104: “The Electrical Conductivity of Sodium 
Molten Glass,” by W. J. Sutton and A. Silverman. 

3See Zeitschrift fiir Technische Physik, Vol. 6, 1925, pp. 544-554, by G. 
Gehlhoff and M. Thomas. 

4See the Journal of the American Ceramic Society, Vol. 2, July, 1919, 
pp. 564-575: “Special Spark Plug Porcelains,”’ by A. V. 

F. H. Riddle. 
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degree of translucency. Porcelain is thus a 


hard 
mass which is impermeable to liquids, even under pressure. 


vitreous, 


But the internal structure varies according to the temperature 
and the time of exposure to the maximum temperature range. 
Rapid firing may cause the porcelain to consist otf poorly 
developed mullite, 3Al,O3.2S102, some undissociated kaolin, 
with quartz grains in practically their original size and shape, 
with feldspar glass surrounding the particles. With slower 
fring, the kaclin will be dissociated more completely to 
mullite and the quartz grains more vigorously attacked and 
partially dissolved by the fusing feldspar. In the extreme case 
the mullite formation will be carried to its maximum, pro 
ducing a well developed network of crystals with the quartz 
completely dissolved by the feldspar. Here then, we would 
have left only the two principal phases, mullite and glass. It 
is evident that the physical properties of the porcelain must 
vary according to the kind of heat-treatment it has received. 


Spark-Plug Porcelain 


It is from these feldspathic porcelains that the present spark 
plug compositions have been derived. The field of possible 
porcelain compositions has been outlined by triaxial dia 
grams, of which one is shown by the diagram of Fig. 3. But 
about 1918* it was realized that at least two basic defects 
were inherent in this type of porcelain. One detect was the 
peculiarity of quartz to invert to its different crystalline modi 
fheations, and the resulting volume changes cause stresses to 
be produced within the porcelain structure. The other was 
the electrolytic conductance of the feldspar at higher temper 
atures which reduced the insulating efficiency of the insulator. 

The manufacturers of these insulators promptly began a 
vigorous research which soon resulted in the replacement of 
quartz by inert components like mullite (previously known 
as sillimanite) through the introduction of minerals of the 
sillimanite group, namely, andalusite, kyanite, and natural 
sillimanite. All have the same formula AlsO..Si0.. Other 
minerals included a mineral richer in alumina, dumortierite 
(8Al.0..68103.B203.H»O) and also zircon (zirconium sili- 
cate). The advantages of aluminum oxide were known at 
the time, but lack of a suitable source prevented its use. In 
the reference just cited it states that extensive work with 
aluminum oxide was prohibited by lack of material of suitable 
quality. Likewise, the feldspar was replaced by other fluxes, 
like the oxides of magnesium and calcium. Improvements 
were carried still further by the insistence upon fine grinding 





Fig. 4— Photomicrograph of a section of a typical kaolin-quartz- 
feldspar body — 150X 
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and the employment ot high temperatures which made it 
possible to reduce the volume of the glassy matrix in the 
insulator to a minimum. Strict inspection methods and con 
trol were initiated. 

The results of these changes were striking since the me 
chanical strength and the dielectric resistance of the insulators 
were improved greatly, so that two investigators, Kraner and 
Snyder” (Westinghouse), could say: “American spark-plug 
porcelains of the mullite type are vastly superior to all other 
ceramic materials, as to mechanical strength, thermal-shock 
resistance and glaze-ft.” 

But the manufacturers were not satished with the progress 
made and continued their researches in the direction of fur 
ther replacements of the quartz by oxides like those of zir 
conium, aluminum, and titanium. Developments are under 
way also in the direction of producing insulators consisting of 
single compounds or oxides, in the virtual absence of glass. 
Satisfactory insulator bodies have been formed from single 
oxides or from a single component which is the. satisfied 
crystalline combination of two or more oxides. 


In this connection the study of the microstructure of the 





Fig. 5— Photomicrograph of a section of an American alumina 


body — 450X 


insulators by means ot the petrographic microscope has be- 
come increasingly important and evidence by means ot X-ray 
analysis is often necessary for the confirmation of observa- 
tions. Photomicrographs of two sections, one of a typical 
kaolin-quartz-feldspar body, and one of an American alumina 
composition are shown in Figs. 4 and 5. 


Glaze 


Spark plugs are covered with a glaze, which is virtually a 
glass, and this thin coating, often only 0.1 mm in thickness, 
has a surprising effect upon the physical properties of the 
insulator. The two determining factors which govern this 
relation are the thermal expansion and the modulus of elas- 
ticity of body and glaze. The coefficient of expansion of the 
glaze should be lower than that of the body so that the glaze 
is in a state of compression while the body is in tension. 
Should, by chance, this condition be reversed, it would affect 
the status of both glaze and body. The adhesion of the glaze 
would be reduced and the insulator as a whole would show 
a distinct loss in mechanical strength. 


Between. the glaze and the body there usually forms an 
See the Journal of the American Ceramic Seciety, Vol. 14, September, 


1931, pp. 617-623: “Mechanical and Thermal Shock Tests on Ceramic 
Insulating Materials,”” by H. M. Kraner and R. A. Snyder. 
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Fig. 6 — Microsection showing the junction of body and glaze with 
mullite crystals growing into the glaze 


intermediate layer resulting trom the solution attack of the 
glaze upon the body which frequently gives rise to a crystal 
line growth into the glaze as is shown by the photomicro 
graph of Fig. 6. This layer tends to moderate somewhat the 
physical differences between the two interfaces. 


Processing 


The accuracy of the various steps in the manufacturing 
process of the spark-plug insulators is today under very careful 
control. The milling operations are subject to constant testing, 
and enormous strides have been made in the preparation of 
the body material and in the shaping of the spark-plug insula 
tors. Some methods of forming insulators may be said to be 
revolutionary in character, especially since at times it is neces 
sary to form bodies entirely lacking in plasticity. 

Also, the firing process is controlled not only with respect 
to the accurate measurement of temperature and its distribu 
tion but also as regards the kiln gases, the composition of 
which has a profound influence upon the character of the 
product. 

Much progress also has been made in connection with the 
type of the electrodes, the assembly of the insulators, and the 
fitting of the metal parts. 


Properties of Insulators 


Whether or not a spark-plug insulator serves the purpose 
for which it is intended depends after all only upon the 
physical properties of the final product. If they satisfy the 
requirements that are exacted, all is well, but failure to meet 
even one of the specifications means failure of the insulator. 

Some of the properties which are involved in the perform- 
ance of spark plugs are: 

Density, porosity, and refractoriness. 

Mechanical strength. 

Thermal expansion. 

Electrical resistance and other electrical properties. 

Thermal conductivity. 

Resistance to heat shock. 

Resistance to chemical agencies. 


Density and Refractoriness 


Density, per se, is not of much significance, except as it 
affects other properties, and obviously must vary with the 
specific gravity of the body constituents. The density of 
mullite-type insulators fluctuates around 2.5 to 2.9; that of 


alumina bodies, 3.3 to 3.9; magnesium bodies, 3.0 to 3.6. The 
porosity must approach zero so that the permeability is vir- 
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tually nil, even to liquids of low surtace tension, and under 
pressure. The spark-plug insulators, in a sense, are refrac- 
tories and must be able to withstand high temperatures. In 
this respect no difficulties have been experienced, and practi- 
cally no insulators have fusion points below 1649 C (3000 F). 


Mechanical Strength 


Spark plugs are subjected to severe mechanical stresses, both 
internal and external, which must be resisted. It is for this 
reason that insulator bodies are tested by all possible means, 
for compressive, tensile, transverse strength, and resistance to 
impact. 

Some characteristic values for the principal mechanical qual 
ities are given in Table 1. 


Table 1 — Mechanical Qualities of Insulator Bodies 


Tensile strength 10,000- 30,000 |b per sq in. (Area tested, 0.2 
sq in.) 


Compressive strength 60,000-200,000 |b per sq in. (Area tested, 0.114 


sq in.) 

Modulus of rupture —15,000- 25,000 |b per sq in. (Rods in. dia. x 
2 in. on 2% in. 
span) 


Tests determining the resistance to impact usually are made 
part of the daily control program. 

While such strengths as are attained may not be required 
in actual use, the tests afford an excellent means of checking 
the structure of the porcelain. These types of bodies are sev- 
eral times as strong as porcelain tableware in ordinary use. 


Thermal Expansion 


The thermal expansion of the insulators is an important 
physical constant on account of the frequent and wide tem- 
perature changes which are involved and the relation between 
the metal parts and the ceramic. At the same time, the co 
efficient of thermal expansion curve affords an excellent indi- 
cation of the type of insulator material and the presence or 
absence of any tendency toward any molecular transformation 
or phase changes through the prevailing temperature range. 

If the component parts of a spark plug had the same ther- 
mal expansion throughout their entire operating temperature 
range and all parts were heated uniformly, the conditions 
obviously would be ideal. As these conditions are not possible, 
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Fig. 7-Thermal expansion fields of different types of ceramic in- 
sulator bodies 
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Fig. 8 — Resistivity fields above | megohm per cm® (Te value) of 
different types of ceramic insulator bodies—The line marked Q 
represents fused quartz 


the engineers must make compromises based on the use ot 
the best available materials and their own experience over a 
period of years. In general, ceramic insulators have lower 
expansions than have the metals with which they are assem 
bled, and also have lower thermal conductivities so that clear 
ances are necessarily required where the ceramic surrounds 
metal parts. Some insulators have been developed that have 
quite high expansions. See Table 2. 

In this table 4 is an ordinary electrical porcelain; B is the 
mullite type of spark-plug insulator; C is an alumina body; 
D is of the spinel type; EF is a substantially pure zirconium 
oxide body; F is substantially pure zirconium silicate; G is 
magnesium oxide. 

It is evident from these values that there is a wide variation 
among the various compositions, and this condition makes 
possible a classification of the different types of insulators. 
This classifying has been done in the diagram of Fig. 7 where 
the several fields are shown graphically. 


Electrical Resistance 


In the case of ordinary electrical porcelains we need only 
be concerned with their resistance at atmospheric tempera 


Table 2— Coefficients of Linear Thermal Expansion 
xl10° per deg C 


Various Insulator ¢ ‘ompositions 


Tempera- Tempera- 


ture, C ture, F A B CQ D 9 I G 
25-200 77-392 «. 5.87 3.45 6.26 7.88 6.60 3.68 12.17 
25-400 77-752 6.38 3.81 7.13 8.43 6.84 4.01 12.90 
25-500 77-932 6.58 3.94 7.38 8.78 6.95 4.10 13.16 
25-600 77-1112 102 400 7.538 9.12 7.12 4.30 13.68 
25-800 77-1472 6.44 4.60 7.73 9.68 7.47 4.56 14.20 
25-1000 77-1832 6.52 5.06 7.91 10.04 7.98 4.59 14.56 
25-200 77-392 5.87 3.45 6.26 7.88 6.60 3.68 12.17 
200-400 392-752 6.82 4.13 7.88 8.93 7.06 4.30 13.53 
400-500 752-932 7.30 4.44 8.34 10.04 7.33 4.52 14.17 
500-600 932-1112 9.12 4.75 831 10.75 7.89 5.17 16.19 
600-800 1112-1472 4.78 6.08 8.32 11.31 8.51 5.30 15.68 
800-1000 1472-1832 6.82 6.84 8.55 11.46 9.98 4.70 15.91 


For comparison, the approximate coefficients for the range 20-100 C for 
some metals follow: iron—11.7; copper — 16.6; silver — 19.0; brass — 19.5 
steel 13.0; stainless steel re a 
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tures but, in spark plugs, higher temperatures are involved. 
Due to the ionic activity at higher heats we must expect a 
certain decrease in resistance. Thus, while the resistivity in 
ohms per cm of an insulator, at 100 C (212 F) is 3X 1o?’, it 
becomes gX10'', at 150 C (302 F), and 610® at 300 C 
(572 F). 

Again, when we measure the temperature and resistance of 
1 cc of insulating body which is being slowly heated and we 
note the temperature at which the resistance remains at one 
megohm, we obtain a value of considerable interest. This is 
known as the Te value and shows to what extent the elec- 
trolytic effect has progressed. 

Electrical measurements are compiled in Table 3. 


A curve giving the relation between the temperature and 


Table 3- The Effect of Temperatures Upon the Electrical 
Resistivity of Various Types of Spark-Plug 
Insulator Compositions 


Mullite 
High- and Zircon Magnesia Alumina 

Resis- Tension Types, Types, Types, Fused 
tivity, Porce- Range Range Range Quartz’ 

Megohms lain, C in C in C in C Cc 
50 321 441-471 576- 782 571- 782 524 
20 360 482-513 637- 844 632- 846 569 

10 396 516-541 6S88- 894 682- 896 599 

a 424 546-577 738- 944 727- 944 630 

4 435 560-591 755- 963 743- 963 641 

3 449 574-604 777- 985 763- 985 654 

2 466 591-621 805-1010 785-1010 677 
Te-1 499 632-663 860-1060 838-1066 721 

Converted to Fahrenheit 
Range Range Range 

Meghoms F in F in F in F F 
50 610 &25- 880 1070-1440 1060-1440 975 
20 680 900- 955 1180-1550 = 1170-1555 1055 

10 745 960-1005 1270-1640 1260-1645 1110 

5 795 1015-1070 13860-1730 1340-1730 1165 

4 S15 1040-1095 1390-1765 1370-1765 1185 

3 &40 1065-1120 1430-1805 1405-1805 1210 

2 870 1095-1150 1480-1850 1445-1850 1250 
Te-1 930 1170-1225 1580-1940 1540-1950 1330 
These determinations were made in the Champion Laboratories on centi- 


meter cubes using a 240-v megohmer for measuring 


resistance and a 
platinum thermocouple with a 


potentiometer for determining temperature. 

The Bureau of Standards reports (1918) tests using 60 cycles at 500 v 
giving Te values as follows: fused quartz, 890 C (1634 F); high-tension 
porcelain, 490 C (1914 F); mica (phlogopite), 720 C (1328 F). The 
difference between the Te value for quartz obtained by the Bureau of 
Standards and the Champion Laboratories is unexplained. The values for 
quartz which are shown in the table, however, were obtained recently (and 
duplicated on a second sample) on a sample suitable for spark plugs and, 
since the method was the same, these values can be compared safely with 
the others shown in the table 


Mullite Magnesium 
and Zircon Magnesia Aluminate Alumina 
Types Type Type Type 
Dielectric Constant 6.2 -6.8 10.0-11.0 7 8.4 


Per Cent Power Factor 0.40-0.47 4.0-12.0 0.10 


0.10-0.18 
Loss Factor 


2.73-2.90 41.0-136.0 0.75 0.85-1.5 


These tests were made at 2000 cycles using a Leeds and Northrup 
Capacitance and Inductance Bridge in the Champion Laboratories. 
An insufficient number of compositions of any one type has been tested to 


permit giving the complete range of values. Those shown in the table, 
however, are typical of their class. 
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Table 4— Range of Thermal Conductivities for Various Types 
of Spark-Plug Insulator Compositions 


Mullite Magnesium 
and Zircon Aluminate Alumina Magnesia 
Tempera- Types, Types, Types, Types, 
ture, C range range range range 


38  0.0037-.00452  0.0069-.0073 0.0047-.0076 0.0083-.0090 
204 0.0039-.0048 0.0070-.0074 0.0065-.0091 0.0094-.0105 
427 0.0041-.0052 0.0071-.0076 0.0083-.0101L 0.0107-.0119 
649  0.0043-.0054 0.0073-.0077 0.0092-.0107 0.0114-.0125 
871 0.0046-.0055 0.0074-.0079 0.0093-.0105 0.0114-.0123 


Tempera- 
ture, F 
100 10.8-13.0° 19.9-21.2 13.8-22.2 24.2-26.2 
400 11.3-14.0 20.2-21.6 19.0-26.5 27.4-30.4 
S00 12.0-15.0 20.6-22.1 24.0-29.5 31.0-34.7 
1200 12.6-15.7 21.2-22.5 26.7-31.0 33.0-36.4 
1600 13.5-15.9 21.5-23.0 27.0-30.6 33.0-35.8 


CGS Unit —Gram-calories per square centimeter per second per degree 
centigrade per centimeter thickness. 


» English Unit —- Btu per square foot per hour per degree fahrenheit per 
inch thickness. 


These determinations were made by J. L. Finck Laboratories on special 
discs 1 in. thick x 4 in. diameter made for this purpose. 


Thermal Conductivity 
CGS Units English Units 


at 38C 100F 

*Fused Quartz 0.0036 10.4 
*High Tension Porcelain 0.0003 7.3 
*Mica (Phlogopite) 0.0001 3.5 
**Aluminum 0.5 1450.0 
**Copper 0.9 2610.0 
**Steel 0.1 290.0 


* From “Electrical Engineer's Handbook,” Volume V, by Pendar and 
MclIlwain. 


** From “Handbook of Physics and Chemistry,’ by Hodgman and Lange. 


the electrical resistivity of various types of bodies is shown in 
Fig. 8. 
Thermal Conductivity 
The thermal conductivity of spark-plug insulators is an 
important quality and concerns operating conditions since it 
determines very largely what the plug temperature will be. 
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g. 9—Thermal conductivity fields of different types of ceramic 
insulator bodies 
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At the same time it governs to a considerable extent the 
design of the insulator which must make allowance for the 
heat conductivity. In general, the higher the thermal con 
ductivity of the insulator, the more easily it will carry heat 
away and remain cool. This permits the use of insulators 
‘with longer firing ends and, therefore, longer electrical leak 
age paths. 

In Table 4, the thermal conductivity expresses the heat in 
Btu which will flow in one hour through an area of 1 sq ft, 
a thickness of 1 in. and with a temperature gradient of 5/9 C 
(1 F). Here again we find it possible to map the different 
fields of insulator types with reference to their thermal con 
ductivities, as is shown in Fig. g. 


Resistance to Thermal Shoek 


It goes without saying that spark plugs must show good 
resistance to heat shock. Numerous control tests are made 
daily in the laboratories of the manufacturers by alternating] 
heating and cooling the firing-end tips of the insulators. 


Resistance to Chemical Agencies 


Considerable attention must be paid also to possible chem 
ical reactions taking place in the engine cylinder which 
involve carbon or its compounds; vapors of various sorts, 
including water vapor; and chemicals introduced, including 
those used for antiknock purposes. These conditions must be 
considered with respect to the various temperatures of oper- 
ation. The most widely used antiknock agent today contains 
lead tetraethyl. This burn’ to lead oxide and other salts which 
are active basic fluxes that react with most silicates at engine 
temperatures. Insulators made of pure silica or bodies con- 
taining high percentages of silica are attacked much more 
readily by dead fluxes than. bodies low in silica compounds, 
neutral or basic in composition. The unfortunate effect of 
lead is emphasized further by the fact that an objectionable 
coating or deposit forms more readily on the silicious bodies. 
It is difficult and sometimes impossible to remove such depos- 
its from the silicious bodies as a glass has been formed on the 
surface. This glass has a different coefficient of expansion 
from the body proper, and cleaning results in chipping the 
surface of the insulators. With the less silicious and the basic 
bodies the deposit is of a dusty nature, forms more slowly, 
and can be removed more easily. 

In this paper the attempt has been made to trace the origin 
of the American spark-plug insulators and to follow their 
development. Much could be said on the subject of the engine 
and practical working tests which have followed the results 
of the laboratory findings. But, finally, these insulators must 
be judged by their actual performance in spark plugs in the 
field. Of real value must be considered the performances 
under specially severe conditions, as in aviation, racing boats, 
certain trucks, and other punishing services. The ceramic 
should be considered as a raw material to be used by the 
spark-plug engineer the same as he would use any other raw 
material. It has been shown that the characteristics of the 
ceramic vary widely and the spark-plug designer must neces 
sarily know and use insulators best suited for his require- 
ments. 
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Shortcomings of Mica Insulation 
for Aviation Spark Plugs 
(Concluded from page 235) 


of “fouling” is aggravated by the use of mica as an insulator 
material. As has been stated, mica is a silicate, and all silicates 
are very reactive with inorganic lead compounds. The prod 
ucts of combustion, when lead as an antiknock ingredient is 
present in the fuel, deposit lead bromide and lead sulphate on 
the spark-plug surfaces. The sulphate does not, as a rule, 
react further, but the bromide oxidizes to litharge (PbO). 
Many silicates react vigorously with litharge, forming low 
melting lead-silicates and these will often drip off a badly 
attacked insulator nose. 

Cleaning a mica spark plug to remove these deposits, an 
operation which is necessary to restore the thermal character 
istics of the plug, gives at the same time a fresh and particu 
larly susceptible surface for attack by the compounds already 
mentioned. Removal of deposit accumulations trom the com 
paratively soft surface of the mica washers, with the lamina 
tions exposed edgewise, is a difficult and hazardous operation. 

The extensive and excellent mechanical engineering work 
done on the ground and center electrodes has resulted in fair 
service with respect to electrode erosion, and instances are on 
record where mica spark plugs have been operated for approx 
imately 350 hr in a modern engine and still had gap clearance 
that would allow fairly uniform firing of the charge. I 
electrode erosion becomes excessive, missing is likely to occur 
(mostly at take-off conditions), and, in addition, the voltage 
may rise to such an extent as to cause damage to coils and 
high-tension wires. Any substitute for mica that may be pro 
posed must contemplate the use of electrode designs that giv« 
similar service. Thus it would be well to take advantage ot 
the tremendous store of experience available. To repeat in 
essence what Arthur Nutt® so ably said: people who propose 
new insulating materials know too little about spark plugs 
and their requirements, and the spark plug people too little 
about insulators. Here is an excellent opportunity for two 
specialists to get together. 


Finds “Spark-Plug Complex” 


When appraising the seriousness of the present aviation 
spark plug situation, a word of caution may be in order. The 
field mechanics responsible for the maintenance of the airline 
schedules, of which we are justly proud, have undoubtedly a 
spark-plug complex. As mentioned before, they immediately 
blame spark plugs for faulty engine operation, even though 
other units may be, and often are, the cause of the trouble. 
As a result, the mechanical wear and tear that the spark plug 
gets from continual removal from the cylinder, replacement, 
and incessant taking apart, is likely to damage the plug to a 
degree equal to an extended service period. It is not unusual 
to see a spark plug that has been overhauled to death. Until 
mica is replaced by a more inert and stable material, the 
author does not believe that spark plugs will become available 
which will operate consistently for the overhaul period of the 
engine (350-600 hr) without being removed from the cy! 
inders. With the adoption of new and more suitable insulat 
ing materials it would appear wise to use, as far as possible, 
the wide background of engineering and operating experience 
gained from the mica plug. However, future engines and 
future fuels may require radical developments in spark plugs 
and ignition systems, and these developments should not b 
allowed to be retarded by a slavish regard for the findings ot 
the past. 


3 See SAE Transactions, Vol. 34, December, 1939, pp. 501-512: ‘‘Air 
craft Engines and Their Lubrication,” by Arthur Nutt 








Progress in Light Aircraft Engines 


By C. F. Bachle 


{ssistant Chief Engineer, Aircraft Engine Division, Continental Motors Corp. 


F the gains in production of light aircraft made 

in recent years are continued at the same rate, 
the light plane and engine industry can be ex- 
pected to at least double 1939 volume. Mr. Bachle 
points out graphically. 


Present trends are toward two types of light 
airplanes, he announces: those in the 50-hp class 
intended for student training and three-place or 
higher-performance types for private owner usage. 
requiring up to 90 hp. He tells how the output 
of one engine originally developed for a 50-hp 
unit had been increased to 80 hp. to put it into the 
latter type. Developments and refinements made 
to boost the output are described, covering cylin- 
der-head design, exhaust valves and seats, pistons 
and rings, valve mechanisms, and fuel injection. 


The introduction of fuel injection (replacing 
carburetion) in light aircraft engines has been a 
major development of the year, Mr. Bachle as- 
serts. and gives a detailed description of the in- 
jection equipment adopted. He believes that the 
outstanding advantage of this equipment is the 
positive prevention of ice in the induction system 
without the use of an air heater or manifold 
jacket. Also, he adds. power at altitudes is higher. 
and there is greater assurance of uniform mixture 
distribution under all operating conditions. 


URING the last several years the light aircraft industry 
has flourished under the stimulus of greatly increased 
private-owner demand and Government-fostered stu- 

dent training programs. This growth is illustrated graphically 
in Fig. 1. If the gains in production made in recent years are 
continued at the same rate, the light plane and engine indus 
try can be expected to at least double 1939 volume. 

Present trends are toward two types of light airplanes. First 
those intended for student training which probably will con 
tinue to be powered by engines in the 50-hp class, and second, 
three-place or higher performance types for private-owner 
usage requiring up to go hp. The introduction of the latter 


[This paper was presented at the National Aeronautic Meeting of the 
Seciety, Washington, D. C., March 15, 1940.] 
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class of airplanes has led to the development of engines orig 
inally supplied as 50-hp units until the output has been in 
creased to 80 hp in the case of the Continental A-50 engine. 
This represents an increase of 60% in output and, naturally, 
such increase is accompanied by many refinements, some ot 
which will be described. 

Pertormance of the four ratings of the Continental “A” 
type engine is given in the following tabulation: 


A-50 A-65 A-75 A-8o 


Rpm 1900 2200 2600 2700 
Hp 506 65 75S 80 
Bmep, lb per sq in. 122 131 134 137 
Compression Ratio s.4:1 G.o:8 Gass 9.4538 
Fuel, Minimum Octane No. 65 73 73 80 
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Fig. 2 (above) — Performance 


development. This design in general provides for the maxi 
mum finning through the air tunnel space between valve 
ports. It will be noted that, in the latter head (4), consider 
ably increased fin area in the air tunnel is obtained by crowd 
ing the valve ports away from the center of the head. Careful 
design of intake and exhaust ports gave increased volumetric 
efficiency with this head, notwithstanding the apparently more 
tortuous port passages. The arrangement of the fins in the 
air tunnel contributes materially to the stiffness of the com 
bustion-chamber crown, but probably the major stiffening 
effect is obtained by tying the ports together through the valve 
rocker-box chamber. The effectiveness of the principles de- 
scribed is illustrated by the photograph of Fig. 4 which shows 
seats after a 50-hr full-throttle test under high-temperature 
conditions. 

Exhaust valves and seats in the head require more expen- 
sive materials as the output is increased. Bronze seats and 
austenitic steel valves of the lower output engine are replaced 
by austenitic steel seats and stellite-faced valves for highest 
output. Exhaust valve seats of aluminum bronze have a good 
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Full-throttle power curves for these engines are given in 
Fig. 2. 

Of principal concern in developing an engine which must 
operate under maximum output conditions is adequate 
cylinder-head design. Deflection from thermal or mechanical 
stress must be minimized so that valve-seat distortion is elim- 
inated. Flat-head cylindrical combustion chambers are com- 
monly used in small aircraft engines because of ease of manu- 
facture and design limitations of the horizontal-opposed 
cylinder arrangement. With this type of combustion chamber, 
the center of the head between the two valves is the critical 
point on which design efforts must be localized. Combustion 
pressure must be resisted so that “dishpanning” does not 
occur. In addition, the space between the two valves ordi- 
narily has the highest temperature of any stressed section of 
the combustion chamber. For these reasons, a compromise is 
made to stiffen and cool this region of the head. Fig. 3 illus- 
trates a method of head construction found to be very satis- 
factory in the Continental engines. Sketch (@) of Fig. 3 
shows the original design employed and (4) shows a later 


(@) 


record in lower output models, but they have poor corrosion 
resistance when used in the higher temperature ranges accom 
panying increased output. 

Pistons and rings must be modified for higher output to 
provide more cooling as a means of preventing ring sticking 
due to carbon deposit. Waffle iron finning on the under side 
of the piston crown gives greater heat transfer. In conjunction 
with this arrangement, a large increase in resistance to ring 
sticking can be obtained by providing auxiliary oil throw-off 
from the connecting rods. A happy circumstance resulting 
from the horizontally opposed cylinder disposal, permits oil 
to be injected from the cap of the rods in such a manner as 
to index the flow during the time the rod is closest to the 
opposing piston. The intermittent oil jet is provided by the 
registration of the oil hole in the crankshaft with a hole in 
the connecting-rod bearing shell. The proximity of the oil jet 
to the piston allows the oil stream to reach into the piston 
without any great amount first striking the cylinder walls. 
This method is illustrated in Fig. 5. 

Hydraulic tappets continue to give satisfactory performance 
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Fig. 4—Valve seats after a 50-hr full-throttle test under high- 
temperature conditions 


in several thousand aircraft engines, and this unit probably 
will be used more widely in the future. 

Magneto ignition is used universally. However, with the 
advent of electric starters, battery ignition may offer advan- 
tages. Impulse coupling magnetos appear to be requisite in 
the higher compression ratio models which are difficult to 
crank by hand turning the propeller. Electric starters will 
enjoy a greater usage than heretofore since there is indication 
that the cost of this accessory will be reduced shortly. 

A major development of the last year has been the intro- 
duction of fuel injection in light aircraft engines replacing 
carburetion. The unit used in the A type engines has been 
developed in conjunction with the Fuel Injection Corp. of 
Muskegon, Mich. This injector consists of two constant 
stroke pump plungers having combined reciprocating and 
turning motion, the latter motion permitting each plunger to 
serve two cylinders. Fig. 6 is a sectional view of the injector 
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pump, and Fig. 7 is a section through the engine showing 
the method of application. Injection is into the intake mani 
fold directly ahead of the cylinder. The nozzle is provided 
with a check valve which acts as a discharge pressure regu 
lator and also prevents evacuation of the fuel lines at part 
throttle due to intake manifold depression. Fig. 8 gives a 
view of the fuel nozzle showing its location with relation to 
the cylinder head. 

Sealing of the pump plungers against fuel leakage and 
lubrication of the parts is provided by engine oil which is led 
through small passages to each plunger. The oil seeps each 
way from the center, that working toward the drive end 
returning to the engine, while that flowing towards the fuel 
pumping end is trapped in an annulus where it is led to the 
intake manifold through a %-in. copper tube. The fuel which 
leaks past the plunger during the pressure stroke also is 
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Fig. 5 (above) —Method of 
; supplying auxiliary oil to pis- 
tons for cooling 























Fig. 6 (left) — Sectional view 
of injector pump 
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Fig. 7 (above) —Section through en- 
gine showing method of application of 
fuel injector 


Fig. 8 (left) - Section through engine 
showing arrangement of fuel nozzle 


conducted to the intake manitold through the same annulus 
and tube. The quantity of fuel and oil leaking past the 
plungers in this way is so small that at one time it was 
allowed to waste outside the injector body and, only after long 
test, was there any objectionable oil collection. The oil is 
drawn to the upper region of the plunger during its suction 
cycle so that lubrication is good over the entire length of the 
plunger. 

A most novel feature of this injector system is the method 
ot fuel delivery control used to obtain the part-throttle mix 
ture. This is accomplished by restricting the inlet to the 
pump plungers with a valve actuated by the air throttle 
through simple levers and rod control. Under part-throttle 
operating conditions, less than a full-plunger displacement ot 
fuel is required for proper mixture, and restricting the plunger 
inlet reduces the quantity of fuel inducted to a percentage of 
the full-stroke volume, depending on the degree of restriction. 

The fuel and air are throttled by similar action although 
the fuel throttle has the important difference that a portion 
of the fluid flowing is converted to the gaseous state after 
passing the throttle restriction. It might appear that varia- 
tions in fuel distillation range or vapor pressure would cause 
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Fig. 9- Fuel delivery characteristics of the injector pump 


variations in flow at the fuel throttle for given-part throttle 
conditions. Experience shows that, in the range of fuels used 
in aircraft engines, the variation in fuel flow from this cause 
is negligible. Fig. g is a typical curve showing fuel delivery 
characteristics over the speed and throttle range. Results show 
that the characteristics of flow at the air and fuel throttles are 


quite similar, and it 1s this circumstance which permits the 
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Fig. 10— Pressure in fuel system at two altitudes 
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matching of fuel and air flow by such simple means as the 


linkage and valve used. 
Automatic mixture-strength compensation at altitude is 


provided by selection of restriction conditions at the fuel 
throttle. The characteristics of flow at the fuel throttle. under 
throttled conditions, is partly liquid and partly gaseous with 
the latter predominating. Flow through the restriction of the 
fuel throttle depends on the pressure differential as in any 
fluid system; however, the differential is reduced at altitudes 
due to the inability of the injector pump to produce the 
required lower absolute pressure on the low-pressure side ot 
the fuel throttle. This is illustrated in the diagrammatic 
representation of the fuel pressures at sea level and at altitude 
shown in Fig. 10. Compensation at full throttle, as well as 
at part throttle, is obtained by providing restriction at full 
throttle and increasing the pump displacement to compensat« 
for this restriction a suitable amount to obtain the required 
full-throttle flow. 

The injector pump is free from trouble due to solid par 
ticles carried in suspension by the fuel, possibly due to the 
fact that the minimum velocity through the intake and dis 
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Fig. || — Method of arranging the fuel-supply system where a 
fuel transfer pump is not used 


charge ports occurs at the opening and closing with the 
maximum velocity at the mid-stroke region where the port 
area is a maximum. Water will pass through the injector in 
small quantities without noticeable effect on the operation ot 
the engine. 

Great care must be taken to insure a constant supply of 
solid fuel to the injector inlet since vapor or air bubbles cause 
missing which, while not dangerous, is objectionable. Fig. 11 
illustrates the method of arranging the fuel supply system 
where a fuel transfer pump is not used. It consists essentially 
of a strainer which also serves as an accumulation chamber 
where vapor is vented back to the fuel tank. The use of a 
fuel transfer pump, with return circulation to the fuel tank, 
entirely eliminates troubles due to vapor in the fuel system. 
but the expense and complication are not justified except in 
those installations where the fuel tank is below the injector 
pump. 

The location of the injector pump at the front of the engine 
was chosen partly because of the ease of cooling. Additional 
cooling is obtained by leading the engine air past the injector 
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Fig. 12 — Principal parts of fuel injection nozzle 


through a sheet-metal duct and, in this way, helping to pre 
vent vapor formation ahead of the fuel throttle. 

Contvary to expectations, a primer is necessary for good 
starting because, at cranking speeds, the injector does not 
build up sufficient pressure to open the check valve in the 
nozzle. 

The type of spray given by the nozzles is exceptionally fine 
and evenly disbursed due to whirling action given to the fuel 
just prior to discharge by means of offset passages tangential 
to the final discharge hole. Injection pressure is about 75 |b 
per sq in. Fig. 12 shows the principal parts of the nozzle. 

The start of injection is variable depending on throttle 
position, but the end of injection is fixed for all conditions 
and is set for about 120 deg after top-center on the intake 
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Fig. 13 - Temperatures during climb using a 65-hp engine in a 
standard airplane installation 


stroke. The duration is such as to give a start of injection at 
about top dead-center of the intake stroke under maximum 
conditions. 

The engine output and fuel consumption are approximately 
the same as with carburetion at the same intake manifold 
pressure; however, it is possible to use all of the available ram 
in airplane installations without upsetting metering and, for 
this reason, greater performance is generally shown in airplane 
tests. Both the power and fuel consumption will be improved 
over that obtained with carburetion after further development. 
Acceleration and part-throttle operation are faultless, even 
under coldest atmospheric conditions or after a long glide. 

The outstanding advantage of fuel injection, as now used 
in the Continental engines, is the positive prevention of ice in 
the induction system without the use of air heater or manifold 


jacket. Power at altitudes is higher, and there is greater 
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Fig. 14 — Oil temperature variation with air temperature 


assurance of uniform mixture distribution under all condi- 
tions of operation. 

Engine operation is unaffected by airplane maneuvers that 
do not interfere with supply of fuel to the strainer bowl. The 
use of safety fuels will probably require fuel injection because 
of the ease of atomizing the fuel as compared with carbure- 
tion. It is not expected that fuel injection will supplant 
carburetion in all classes of engines for some time because otf 
present increased cost; however, it is noteworthy that the 
engine selling price is increased less than 10% and this 
increase is partially offset by reduction of installation cost 
through the elimination of intake air heater systems. Devel- 
opment will undoubtedly lead to substantially higher power 
rating and reduction of fuel consumption through the use of 
fuel injection, 

Much of the improvement in engines of recent years has 
resulted from test work in airplanes, and some of the prob- 
lems are worth discussing. 

The matter of correction of engine temperatures for vary- 
ing conditions of flight has received some study in an effort 
to establish consistent methods of reducing test results to a 
comparable basis. In general, it is believed that each engine 
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Fig. 15-—Variation of performance with air temperature — 
Dynamometer test 








and installation is a law unto itself, and it is not possible to 
generalize too broadly. 

Fig. 13 gives a typical record of flight climb-test results 
using a 65-hp engine in a standard airplane installation. The 
point of maximum oil temperature is indicated at 4. Fig. 14 
shows the maximum oil temperature obtained from similar 
tests plotted against the air temperature at the point of maxi- 
mum oil temperature. The points of maximum oil tempera 
ture all occurred at 5000 to 8000 ft altitude, and thereafter the 
oil and air temperature fall off at approximately equal rates. 
It is of interest to note that the peak temperature shown in 
any climb test was not exceeded at any altitude in level flight 
either at full throttle or cruising. These temperature effects 
are only intended to show a method of correction and should 
not be regarded as generally usable rules. 

Fig. 15 gives the variation in engine output and spark-plug 
gasket temperature with change of air temperature, all other 
variables being held constant. The carburetor air temperature 
was varied with the cooling air temperature, and the effect 
of each is included in the observed output plotted. This is 
usually the condition encountered in flight as well as test, and 
it is convenient to correct for both by one factor. The differ- 
ential of the spark-plug gasket temperature varies at 0.8, the 
differential of the cooling air temperature, while the out 
put varies inversely as the rate of the absolute cooling air 
temperature. 

Fig. 16 shows the effect of variation of the cooling air 
velocity, all other conditions held constant. The measure of 
cooling air velocity in this test was static pressure differential 
across the cylinders. The temperature of the spark plug 
gasket varies according to T corr. = Tovs. + 14 ASP. 

The engine output increases 3% as the cooling air static 
pressure is increased from 3 in. HO to 6 in. HeO which are 
the values commonly found in airplane installations. 

Exhaust mufflers are coming into general usage and good 
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sound absorption has been obtained with a maximum back 
pressure of 1 in. hg. Higher back pressures than this cause 
objectionable loss in power. 

Rubber engine mounting to insulate the airplane from the 
effects of engine torque variations is being supplied as stand 
ard equipment. At present the common cone-and-washer 
method is used, but exceptionally good results can be obtained 
by the use of Lord bushings if the additional expense 1s 
warranted. 

Future development probably will be along the line of 
reducing costs of present engines by improved manufacturing 
methods and refinement in design. The volume of production 
is approaching rapidly such proportions that many of the 
mass-production methods used in the automotive industry can 
be applied profitably. Die-cast cylinder heads are a definite 
possibility, and other refinements of this sort are in process of 
development. Reduction of weight-power ratios probably will 
be effected through increased bmep. Rated speed for direct 
drive engines very likely will continue in the same range, 
2300 to 2700 rpm, since there is little prospect of satisfactory 
propeller efficiencies above this speed range. Controllable- 
pitch propellers offer extremely attractive prospects of in- 
creased airplane performance, and it is hoped that develop 
ment in this field will be fruitful. 

A definite part of the progress made in the last several years 
is the expanded manufacturing establishment which, in the 
case of Continental Motors, has increased from a maximum 
capacity of 25 engines a week in 1938 to 125 in 1940. New 
manufacturing and test facilities have been in use since 
November, 1939, and all preparations have been made for 
the increased demand of light airplanes anticipated for rgqo. 
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Engine Deposits _ 


and the Effect of Some Fuel Addztives 


By Joseph A. Moller and Harry L. Moir 


The Pure Oil Co. 


HE authors report equipment used and pro- 

cedure followed in determining ratings of 
fuels and of engines in so far as they affect or are 
affected by fuel deposits. In other words, this pa- 
per is a discussion of fuel-residue ratings. 


Their study, they report, indicates that the com- 
bustion chamber of any internal-combustion en- 
gine, operating under any given set of conditions 
or under varying sets of conditions, is constantly 
attempting to attain and maintain an overall equi- 
librium which is composed of, and is being 
constantly balanced between, many definitely in- 
terrelated and interdependent equilibriums — me- 
chanical, thermal, and chemical. 


The disturbing of any one of these equilibriums. 
they add, must be balanced or offset by compen- 


sating changes of one or more of the rest of the 
equilibriums. 


It is also indicated in the study that the main- 
taining of the deposition equilibrium at a point 
which reduces its effect on the overall engine 
equilibrium, both quantitatively and qualitatively. 
is desirable, and that the obtaining and maintain- 
ing of such minimum deposition is possible by use 
of the proper quantity of the correct type of 
additive. 


‘ 


S a general definition, the term “fuel additive” might 
be understood to mean any substance, not naturally 
occurring in the fuel, which is added to improve or 

enhance qualities already present, or to obtain new and desir- 
able qualities. While this definition would include lead com- 
pounds, dyes, inhibitors, and so on, these substances are quite 
generally identified by their own names or by the character- 
istic of the fuel which they affect. Another class or type of 
materials, perhaps because we know so few of them by their 





[This paper was presented at the Annual Meeting of the Society, Detroit, 
Mich., Jan. 15, 1940.] 
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own proper name, lately has come to be thought ot as “tuel 
additives” or as “additive compounds.” 

Because of the attention which this latter group has re 
ceived recently, the impression seems to be that this type of 
fuel additive is new. As a matter of fact, during the World 
War, a certain well-known make of rotary motor depended 
upon a blend of castor oil and motor fuel for its entire lubri 
cation. Since then many motors have had all, or part, of their 
mechanism lubricated by blends of mineral oil and fuel. 

In the early Thirties, major oil companies began the prac 
tice of adding non-viscous neutrals to motor fuels and adver 
tising the fact that the overhead mechanism could now be 
lubricated with certain tuels. 

Thus we see that the last group of our “fuel additives” 
probably began as a blend of fuel and a vegetable oil. The 
substituting of a mineral oil for the vegetable oil was but a 
short step. Further, where the motor was designed to obtain 
all or part of its lubrication from the fuel, sizable percentages 
of oil had to be used in relation to the fuel. It is a fact that 
a non-viscous or viscous neutral is quite capable of dissolving 
or “assimilating” within itself, in given amounts, at least a 
portion of the residue as obtained from a fractional distillation 
of a motor fuel. No doubt, the application of this tact, coupled 
with the use of non-viscous neutrals in motor fuels, gave rise 
to the use of the term “solvent” to fuel additive description; 
regardless of the fact that extremely small quantities of neu 
tral oils were used. 

Nevertheless, we cannot dismiss the fact that, in many 
engines, the addition of a neutral in small percentages to the 
fuel did seem to lubricate more adequately certain portions of 
the engine which were not apparently quite adequately |ubri 
cated before. In some cases, the beneficial effect ot this 
lubrication actually seemed to offset the detrimental effect of 
apparently aiding and abetting more deposit in the combus 
tion chamber. The use of certain neutrals did, quite obvi 
ously, change the characteristic appearance of the deposit in 
both intake and combustion spaces, although the significance 
of these changes was, perhaps, not too well understood. 

Obviously, the next important step was to add a material 
to the neutral which, in addition to the qualities just outlined, 
might actually act in some way to aid in the removal of 
intake and combustion-chamber deposits. It became 
apparent that it was not only desirable, but necessary, to find, 
protect, and market such a fuel additive or group of fuel 
additives. 

However, up to this point, there was no yardstick which 


soon 
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would give any real information as to how, if at all, an 
additive compound actually affected the performance of the 
fuel in the intake and combustion chamber. In the long run, 
behind all deposition discussion, there is the thought that, the 
less deposit there is in the intake and in the combustion 
chamber, and in and on the surrounding mechanisms, the 
better will be the performance of the engine. In other words, 
the performance of the fuel, with regard to its residue prod- 
ucts, has long been tied up with the performance of the engine 
itselt. However, no test or series of tests was developed to 
demonstrate or evaluate fuels on this basis. 

It an engine were operated under a known set of condi 
tions until an approximate operating equilibrium was obtained 
using a standard fuel, and if the operation were continued 
using an additive in the fuel, another, or the same, state of 
approximate operating equilibrium might be obtained. By 
comparing the first and second approximate operating equi 
libriums, and providing they are relatively reproducible, the 
difference would appear to be a measurement of the effect of 
the fuel additives. 

If only one engine were used for the testing, design and 
manufacturing factors affecting results could be eliminated. 
Although the extent of the tests required more than one 
engine of the same type and model, the data are still valuable 
from the point of view of relative results. Again, the same 
type of reasoning obtains when several engines of each or 
several types are used. The data are all relatively comparable. 
The only factor in comparing data obtained from the same 
engine is wear, and even this factor may be watched and 
compensated for by the use of “bracketing runs.” 

In the tests used in this discussion, practically all the so 
called “popular-car” engines were used, as well as several 
other types. Usually several engines of each type were needed 
to complete all of the work found necessary to give even fairly 
conclusive results. 

While relative results were obtained on all types tested, 
some types or makes of engines were somewhat more sensi 
tive to fuel changes, both as to fuel specifications themselves. 
and as to fuel additives, than were others. Therefore, none of 
the engines will be identified. Further, for the sake of brevity, 
but one typical series of data and curves for one type of engine 
and for one type of additive will be discussed in some detail. 

In using any one tyre oi 


engine as a vardstick, several 


factors must be considered, such as: 


1. Operating conditions 

A. Air-fuel ratio 

B. Spark setting 

C. Temperatures, such as: 
t. Intake manifold 
2. Cooling water 
3. Lubricating oil 

I). Intake-manifold vacuum 

FE. Type of 


operation — 1.¢. accelerated 


speed runs, constant or varying loads. 


constant or 


> 


2. Atmospheric conditions 
A. Humidity 

B. Barometric pressure 
C. Temperature 


Obviously, many other factors should be listed. However, 


as the discussion progresses, the control or reproducibility 


of the factors will be indicated, or may be found in the 


Appendix. 

As apparatus is developed, and as test methods are evalu 
ated, a certain definite technique 
Sometimes technique development 


?See Appendix, Note 1 
*See Appendix, Note 2 
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is developed gradually. 
is not so gradual but, 
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whether gradual or not, this technique often plays almost as 


important a as does the 


part in the final results apparatus 
itself. Unfortunately, the technique, in general, does not lend 
itself readily to description. 

Since thé explanations and discussion center about the data 
obtained from the various pieces of equipment used, a briet 
description of each important piece of apparatus should be 
given. 

During our earlier work on the subject of engine deposits, 
the intake manifold was recognized in many instances as a 
problem quite distinct from the problems encountered in the 
combustion chamber. a suitable 
apparatus could be deveioped' which rather quickly and 
easily would determine the action of various fuel additives 


under intake-manifold conditions. 


Further, it was found that 


Fig. 1 illustrates an apparatus which is used to determine 
the “gum-solvency” effect of various additive compounds in 
varying and Within 
intake-manifold various makes of 
engines may be fairly well duplicated by controlling tempera 


combinations amounts 1n gasoline. 


limits, the conditions of 
ture, pressure, velocity, carburetion rate, and so on. However, 
for additive comparison and classification, a standard set of 
conditions and procedure is used?. 

The principle of the functioning of the apparatus is illus 
trated better in the schematic drawing shown in Fig. 2. The 
fuel, with or without an additive as the case may be, is taken 
into the carburetor and is vaporized in the normal way. 
Leaving the carburetor, the mixture passes over and around 
a plate upon which a predetermined amount of gum has been 
deposited evenly. A known amount of the fuel, with or 
without the additive, is passed through this device at a 
definite rate of flow. The plate is weighed before and after 
the test. By using a blank of straight fuel, then the same fuel 
containing the additive being examined, and then the blank 
run again, a simple yet reproducible and quite accurate gage 





Fig. | - Apparatus for determining the “gum-solvency" effect 
of various additive compounds 
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Fig. 2 - Apparatus for quantitative solvent test on gum solvents 
in the atomized state 


has been tound to measure the relative action of fuels and of 
fuels containing additives under intake-manifold conditions. 

Not much more will be said about the intake manifold as 
such, or its operating conditions which are quite important. 
However, it should be understood that any additive com- 
pound, to function properly, must keep the intake manifold 
thoroughly clean and prevent the deposit from accumulating 
on the intake-valve stem by carrying substances on through 
the intake manifold into the combustion chamber. 

In the study of engine deposits in both the intake system 
and combustion chamber, both small single-cylinder engines 


as well as full-sized multicylinder engines were used. These 
small engines are four-cycle, 24-hp, water-cooled, L-head 
motors, having a 2%-in. bore and a 244-in. stroke. A more 


or less conventional control panel is used. 

The full-size multicylinder engines were operated both on 
the dynamometer stand and on the road. In studying deposi- 
tions, speed was found to be a rather important factor. Con- 
stant-speed runs at different speeds are accomplished readily. 
Variable-speed runs on the dynamometer, to be of value, must 
be reproducible both as to time intervals involved and as to 
the speed attained during each interval. 

One type of automatic speed control employed consists of 
three cams, constituting a wheel. The cams operate rocker 
arms which are directly connected to the engine throttle. The 
rotation of the wheel is accomplished by a synchronous motor 
and through gear drive. By changing the gear ratio, the 
speed of the wheel may be controlled. For our standard 
wariable-speed runs, three speeds were selected —idling, 35, 
and 50 mph. These driving speeds will range in the neigh- 
borhood of 500, 1750, and 2500 rpm for the type of engine 
under discussion. 

A neon protractor mounted around the flywheel is used to 





Note 3. 
Note 4. 


3 See Appendix, 
*See Appendix, 


determine spark advance while running. Another excellent 
spark-advance indicator also was used*. 

The usual reference-fuel manifold using CFR rated tuels 
requires about 50 sec for the supply line to the carburetor to 
run dry atter changing reterence fuels. 

The effect of humidity on our work was most important. 
A humidifier was built as shown in Fig. 3, with but a few 
changes trom that described by J. R. MacGregor in his paper 
before the SAE Annual Meeting on Jan. 11, 1937 * 

Specially constructed exhaust manifolds were used. Their 
purpose was: first, to eliminate hot spots in the intake mani 
told, thereby aiding in 
second, 


“smoothing out” the 
to aid in blanketing the exhaust noises. 
tolds were also jacketed. 


engine and, 
Intake mani 


To facilitate the study of carbon deposition, piston heads, 
as shown in Fig. 4, were developed. At first, these pistons 
were used only for the small engines, but later they were 
developed for the full-sized engines as well. There are 
outstanding advantages in using this type of piston. The first 
one is that the total weight of carbon is an appreciable 
when compared with the piston crown alone. Secondly, on 
duration runs where pictures and weights were taken peri 
odically, the engine could be stopped; the cylinder head taken 
off; photographs taken; 


two 


amount 


the piston crown removed; and, it 


sufficient care is used, the crown may be weighed and 
turned, the engine reassembled, and the run continued with 


out “skipping a beat,” so to speak. 

The types of deposits on the piston crown thus are studied 
quite easily. However, it should be borne in mind _ that 
deposits in and on all portions of the engine do not always 
bear the same relation to piston-crown deposits. No reference 
is made with regard to piston-ring deposits, since those de 
posits — their cause and effect 


have been the subject of many 
discussions to date. 


However, for the types of engine under 
discussion and operated as herein described and for the pur 
pose of this fuel-deposition study, the piston-crown deposit 
would appear to be a rather good index. For all 


testing time is an important factor. It was found that, by 


types ol 


adding concentrated gum to give a finished fuel containing 


ASTM gum, 


definite set ot 


10 to 15 mg per 100 cc and by consuming 100 


cal of this fuel under a operating conditions, 
excessive gum deposition is obtained readily in an engine. 
An illustration of the accelerated gum deposit, which may 


be obtained using 100 gal of this fuel at 1750 rpm, is 


given 
which clearly shows the excessive 


in Fig. 5, amount of gum 
dropped in the intake manifold and on the intake valves of 


an engine. 





Fig. 3 — Apparatus built to control humidity 
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Fig. 5 — Accel- 
erated gum de- 
posits in the in- 
take manifold 
and on intake 
valves obtained 
without addi- 
tive in fuel 


However, by operating the same engine under identically 
the same conditions and using the same total gallons of the 
same pre-gummed fuel, except that a carefully prepared fuel 
additive was used in the fuel, the conditions shown in Fig. 6 
were obtained. 

The same comparisons may be made with reference to a 
combustion chamber, except that, while the results are just as 
startling when weights are taken, the visual test by camera 
may not, at first glance, seem quite as marked. 

After a year and a halt of work on additives, one of our 
engineers” noted that, when the engines were opened up 
during and at the end of the runs for observation, and so on, 
there seemed to be a distinctly characteristic formation of the 
deposit in the combustion chamber. Our previous picture 
records were studied, and this characteristic formation ap 
peared to be present. In some runs it was more pronounced 
than in others. However, sufficient evidence was available to 
justify a rather intensive study. Work was started using both 
the small and the full-sized engines. The pistons used were 
of the type shown in Fig. 4. On the small engines, the pro 
cedure followed was to run the test under a set of fixed con 
ditions for 1 hr, remove the head, photograph the head and 
piston crown, remove the piston crown, weigh, re-assemble, 
and continue the run. The procedure for the test on full 
sized engines was the same, except that 500,000 revolutions 
were used (approximately 414 hr) instead of checking on the 
hourly basis. 

Briefly, it was observed that deposits were both formed and 
dissipated by means of wave-like formations. These forma 
tions were of two general types. The first type seemed to tend 
to travel inwardly, and converge. The second type seemed to 
tend to travel from a point outwardly, and diverge. 

In general, the converging type is found on the outward 
edges and the diverging types on the inner portions of the 
piston crown. On the head, the converging type is more 
generally found away from the valves, or on the cooler por- 
tions, and the diverging type nearer the valves, or on the 
hotter portions. 

After the wave of deposition dissipation has formed and 
begun to move a little distance, a wave of deposition forma- 
tion generally follows, of about the same contour, and travels 
at about the same rate of speed. It is most common to find 
that both types of waves travel but a short distance, or cover 
byt a small area of the combustion chamber. 

A typical wave series begins at the 21st hr, and extends to 
the soth hr. Carbon cycling does not start evenly nor con- 
tinue evenly, because the factors affecting deposition are 





"See Appendix, Note 5 
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Fig. 6 — Condi- 
tion of same en- 
gine shown in 
Fig. 5 after op- 
erating under 
same conditions 
except a fuel 
additive wos 
used 


not evenly distributed over the surfaces of the combustion 
chamber. 

In a combustion chamber of an internal-combustion engine 
under a definite set of operating conditions, deposits are built 
up at a definite rate in any one region, until a definite thick- 
ness has been reached, diagrammatically shown in Fig. 7. 
The thickness (which, for a definite region or area, would be 
the quality) of deposit seems to be dependent upon the rate 
of heat transfer of the deposit. Thickness would be affected, 
therefore, by anything in the deposit tending to affect the 
heat conductivity of that deposit. In other words, the thick- 
ness, or amount of deposit, for any region, for any set of 
operating conditions, is affected by anything in the deposit 
affecting its thermal conductivity in whatever state the de- 
posit may be at any instant. 
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Fig. 4— Piston with removable head used to develop carbon- 
deposition and oil-consumption curves on single-cylinder 
Louson engines 








254 S.A.E. JOURNAL 





Vol. 46, No. 6 


(Transactions) 


Piston Profile 





























dl 
I WS 


Fig. 7- Progressive cycle of de- 

posit build-up in a combustion 

chamber of an internal-combus- 
tion engine 


As long as the rate ot flow ot 
heat through the deposit to the 
metal is such as to keep the sur- 
face of the deposit below a criti- 
cal temperature, conditions exist 
which permit the existence of a 
thermal equilibrium; and _ since 
deposit formation continues at 
approximately the same rate for 
any given set of conditions, de- 
position obviously will continue 
condition is 


until a critical 


reached. When, for any reason, 
the thermal conductivity of the 
deposit prevents the proper rate 
of flow of heat to reach the 
metal, or in other words, when 
the state of thermal equilibrium 
has been exceeded, a breaking 
away of some of the deposit 
would commence in a_ rather 
regular manner. Each region 
may have its own equilibriums, 
which is to say, its own rate of 
formation and dissipation, due 
to differences in temperatures of 
combustion, turbulence, and the 
relative cooling which those re- 
gions receive. 





Waves would ap 
pear to progress across the sur 
face, until they either meet other 
waves or a change of equilibrium 
conditions takes place. Just prior 
to breaking off, the edge of the 
deposit would loosen generally 


from the metal and curl up slightly. This observation would 
lead us to believe that dissipation of the deposit was probably 
due to a combination of two things. 

The first was a mechanical blowing away of the loosened 
deposit, and the second, a burning of the deposit because it 
had lost its ability to dissipate heat after severing its bond 
with the metal. Following directly behind this wave ot 
deposition dissipation would be a wave of deposition forma 
tion gradually building up. The new deposit would build 
itself up to a point where the equilibrium is again exceeded, 
and then the entire process is repeated. 

It should be noted, therefore, that, so long as the amount 
of deposit in a combustion chamber is such as to permit a 
suficient rate of heat transfer to maintain a thermal equi 
librium, cycling does not take place. However, when the 
deposit is in excess of this amount, deposition cycling com 
mences. Hence, there are two forces which are always at 
tempting to balance each other, thermal conductivity and 
deposition formation and dissipation. In other words, an 
average thermal equilibrium is maintained tor any set of 
operating conditions by means of a deposition equilibrium, 
and both equilibriums are cyclic in action. 

In Fig. 8, the head and crown of a full-sized engine are 
shown. Note the cycling of the depositions. 

In Fig. 9, five deposition converging waves are quite clearly 
shown, together with many smaller diverging waves. 


Fig. 8 — Depositions on head and crown of a full-sized engine. Note the cycling 
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Fig. 9 — Five deposition converging waves are shown on this 
piston crown, together with many smaller diverging waves 


The actual net weight of deposit may be shown graphically 
as in Fig. 10, wherein carbon weight is plotted against the 
time of run. It might be added that studies of the deposition 
equilibrium condition would seem to indicate early the line 
to be of the repeating type of sine curve so often observed in 
thermal equilibriums. 

Further, it might appear that the rate of deposition forma- 
tion which attempts to remain in the combustion chamber 
would seem to be indicated by the initial slope of the curve. 
Were this rate of deposition formation to continue, obviously 
a physical choking of the combustion chamber would follow. 
Actually a point is reached where the slope changes because 
of the balancing of the forces of the two principal equilib 
rlums, with the thermal equilibrium and the deposition 
equilibrium as the result. The difference between the initial 
slope, indicating the rate of deposition formation and the 
slope at any point after equilibrium has occurred, would 
indicate graphically the excess deposition which must be 
eliminated by one means or other, per unit of time, to main 
tain the two equilibriums in balance. 

It should be noted that changing the operating conditions 
naturally changes the deposition equilibrium. A simple illus 
tration of this result is shown in Fig. 11, wherein two speeds 
are used and the load varied for two positions at one speed. 
The study of deposition equilibrium with changing or 
varying load and speed is of great practical value. For 
example, it rather simply explains much of our engine difh 
culty below normal operating speeds—such as idling. By 
normal operating speeds are meant those speeds below which 
and above which the engine, for one reason or another, is 
not able to maintain satisfactory overall engine equilibriums, 
including deposition equilibriums. 

There would seem to be little doubt but that engine char 
acteristics change with miles or hours of operation, and that 
much of this change is directly traceable to deposits of one 
type or another. It would seem that the forces within a com- 
bustion chamber are constantly striving to maintain equi- 
libriums including deposition equilibriums. 


DEPOSITS 255 


‘Bly 


d © 4yBiem 4eKN - 
UMOJ2 PUD POSY UO sUo!}sOdep eaissasBboud 40 sydosBojyoyd yyim ouiit ysuipbo pa44ojd uoidwinsuos j!0 puo yisodep 40 44DIOM FON — OI 


Sunoy 


Oil consumption, cc 
o8s S838 
Seeces 
Carbon weight, gm 
= nN Ww 


© S 
oO 





6 ze Of @Z 92 vz 2202 Bi A vl ZO 89 vb 2 0 








256 


S.A.E. JOURNAL 





Vol. 


46, No. 6 


(Transactions) 


aa pm 
00% Load 





7 pm 
00% Load 


pm 
10% Load 


= 


Carbon weight, gm 


5 


0 50 100 150 200 250 300 350 
Hours of operation 


Fig. 11 — Relation of piston head deposit to speed and load 


tion cycling is speeded up. The actual effect of this change 
would be to reduce the total deposit at any one time. Fur- 
ther, if lesser quantities of depositions are being dissipated at 
a steadier or more uniform rate, equilibrium unbalancing, as 
such, would not be so great a disturbing factor. 

A second practical method would be to use a substance 
which would “wet” the metallic surfaces, thus preventing a 
good bond or union between them and the deposit. This may 
be done mechanically by means of a plate or disc. 

Again, the efficiency of the binder may be impaired if the 
proper additive is used, or the character of the deposit may 
be changed with respect to density or compactness. In short, 
practically the first studies are to prepare at least a critical 
amount of the deposit for easy and ready removal, which 





Fig. 12 — Deposition in engine using fuel with no additive 


It would appear that this constant striving must be a cause 
for constant, yet uneven, draining of energy, small though it 
may be to effect, or in attempting to effect, a deposition 
equilibrium. 

It also should be remembered that, when two equilibriums 
are interdependent and one becomes unbalanced, the other 
generally will exaggerate its efforts to compensate, all of 
which tends to increase materially the energy required to 
restore balance, as well as tending to prolong the period of 
out-of-balance of the two equilibriums. Therefore, one of the 
objectives would appear to be to maintain the deposit at a 
level below which the thermal 
equilibrium, hence the deposi- 


tion equilibrium, would be dis- ” 
turbed greatly. From the fuel 86 
additive standpoint, the practical 
application of the foregoing rea- we 
soning may be accomplished in 78+ 
one of several ways. . i 
The ideal way, of course, rs Lad Bary 
would be to destroy all adhesive- > 10 S 
ness of the deposit, and to have 5, = 
it all blow out the exhaust. c 66 8 
However, by taking a practical 0 62 ms 
advantage of the foregoing rea- © ia 


soning, a start might be made 
using an additive that would so 
affect the heat conductivity of 
the deposit that thermal equilib- 
rium, hence deposition equilib- 
rium would set in under condi- 
tions of lesser deposit thickness. 
Since deposition formation con- 
tinues at the same rate, deposi- 
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Fig. 13 —- Deposition in engine under same conditions as that of 
Fig. 12, except with an additive in the fuel 


would require the least energy and with a minimum of 
equilibrium disturbance. Photographically, it is a difficult 
thing to demonstrate the difference between two deposits, 
differing in thickness by only a few thousandths of an inch. 
However, by comparing Figs. 12 and 13, a difference is 
detected quite readily. Fig. 12 was taken of an engine using 
fuel with no additive, while Fig. 13 was taken using the same 
fuel under the same conditions, but with an additive in the 
fuel. In other words, a proper additive seems to aid in reach- 
ing a deposition equilibrium earlier than is apparently possible 
without the additive. Note also that the large disturbances 
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Fig. 1?-Apparent octane requirement at a given point 
during a test run as affected by speed 


with corrections which were used tor the humidity correction, 
are in order. 

Fig. 14 shows a typical correction curve as developed for 
the types of engines used. 

The practical application of the curves shown in Fig. 14 is 
shown in Fig. 15. It should be noted that the error in using 
the correction is primarily because of the changed shape of 
the curves. This amounts to less than approximately 
octane number whereas, were the correction curve not used, 
the maximum error would have been 4 to 5 octane numbers. 

The relationship of one or two of the factors versus the 
apparent octane requirement of an engine is interesting. A 
typical apparent octane-requirement curve versus spark ad 
vance is shown in Fig. 16 which, within limits, would appear 
to be a typical logarithmic relationship. 

Variation of apparent octane requirements of an engine 
with respect to air-fuel ratio is shown in Fig. 17. Fig. 18 
illustrates the relationship of apparent octane requirement as 
affected by change in compression ratio. 

A typical curve of apparent octane requirement at a given 
period or point during a run of an engine as affected by 
speed, other conditions being held constant, is shown in 
Fig. 19. 

The slope of increased apparent octane requirement as well 
as the characteristics of the other portions of the curve, shown 
in Fig. 20, would seem quite clearly to bear a relationship 


with the other figures illustrating deposition versus ume, o1 
miles. The use of a proper additive clearly demonstrates the 
reduction in apparent octane requirement of the engine. 
That the curves may be reproduced at will is clearly shown 
by the repetition of the first equilibrium condition. This 
curve also shows the effect of an additive applied in a large 
dose, as well as in the fuel. The effect of excess humidity, 
which is why “your car runs well on a damp night,” is 
indicated. 

There are many types and kinds of additive compounds tor 
fuels. Some, definitely, are not intended for other than a 
lubricating function. The effect of such a neutral on the 
apparent octane requirement is quite clearly shown in Fig. 21. 
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Fig. 21-—Detonation fade-out curve showing effect of 
neutral additive, used only for lubrication, on octane re- 
quirement — 2000 rpm 
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Fig. 22 — Detonation fade-out curve taken at 2000 rpm - 
Fuel No. | and Fuel No. | plus mineral oil No. 1487 


However, in the field of overhead lubrication alone, the 
fact that the correct selection of proper stocks is quite impor 
tant from the point of view of their effect on the apparent 
octane requirement of the engine, is demonstrated when 
Fig. 22 is compared with Fig. 21. Both neutrals have about 
the same viscosity. 
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Fig. 25-Specific fuel consumption curves at full 
throttle —Spark to incipient detonation 
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Fig. 26—Specific fuel consumption curve at half 
throttle — Spark to incipient detonation 


Various additive compounds react differently, and a typical 
curve of apparent octane requirement for one type or family 
is shown in Fig. 23. 

Deposition versus time is shown in Fig. 24. If the char 
acteristics of this curve are compared with the characteristics 
of the curves in Fig. 20, it would appear that deposition equi 
librium requirement and apparent octane requirement are 
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Fig. 27 — Road test — Test Car No. 12 
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Fig. 28 — Road test — Test Car No. 13 


cause and effect. The vertical portions of the curves in Fig. 24 
are concentrated treatments. 

A rather difficult point to demonstrate in a discussion of 
this kind, and yet to take into consideration the probable 
degree of experimental error of our yardstick, is the fact that 
deposit equilibriums do require energy to maintain them 
selves under any given set of conditions. The axiom — work 
is equal to force times distance — obtains. 

An engine is run under a given set of conditions and 
requires a definite amount of a fuel to go a given distance 
to turn a definite number of total revolutions. A small but 
definite percentage of that fuel is then replaced with an 
additive compound having a combustion energy of about the 
same as the replaced fuel, but having entirely differing char 
acteristics in so far as its action on deposits is concerned. 
The run is then repeated. It is now found that the engine, 
with the same amount of fuel, can go farther; or in other 
words, less fuel was used to go the same distance. 

A curve of specific fuel consumption at full throttle is 
shown in Fig. 25, and for half throttle in Fig. 26. 

Practically, this method of demonstrating the point is open 
to question. Quite obviously, the curves show the total energy 
saved by use of a proper additive. In other words, the savings 
resulting from less deposit and less disturbance in the com 
bustion chamber, together with probable better mechanism 
action, and so on, all contribute to the better indicated results. 


As an example of relatively comparable data, Figs. 27-30 
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Fig. 29 — Road test - Test Car No. 14 












because of the “smoothing out,” or of appearing to render the 
engine less sensitive to equilibrium disturbances, and so on, 

As an example of the possibility of relatively comparabk 
data between the dynamometer stand and road test with this 
type of deposition testing, Fig. 31 shows data obtained from 
the same engine, first, taken with the engine on the dyna 
mometer stand, where the first series of data were taken. The 
engine was then placed in its chassis, and the second series of 
data taken. Here, again, the additive in both concentrated 
treatments and with the fuel gave clearly relatively compa 
rable results. 

Throughout this entire discussion the tests have all beep 
directed, not to obtain the ratings of fuels or of engines, but 
towards these ratings only in so far as they affect, and as they 
are affected, by fuel deposits. In other words, this study has 
been actually a discussion of fuel residue ratings. In conely 
sion, it would appear: 

1. That the combustion chamber of any internal-combustion 
engine, operating under any given set of conditions or under 
varying sets of conditions, is constantly attempting to attain 
and maintain, an overall equilibrium which is composed of 
and is being constantly balanced between, many definite); 
interdependent equilibriums — mechanica 

2. That the disturbing of one of these equilibriums mus 
be balanced or offset by compensating changes of one or mor 


3. That the maintaining of the deposition equilibrium at; 
point which reduces its effect on the overall engine equilib 
rium both quantitatively and qualitatively is desirable; and 

4. That the obtaining and maintaining of such minimun 


deposition is possible by use of the proper quantity of th 


The data herewith presented are submitted with the hope 
that other laboratories will do work along similar lines. After 


all is said and done, the common aim of the manufacturer 0 
the engine, and of the manufacturer of the petroleum prod 
ucts used therein, is to give the most satisfactory service fron 


every point of view to their common customer — the user 0 


Appendix 


The apparatus and procedure were developed by 
Messrs. Norman D. Williams and William J. Backoff, Th 


















Fig. 31 — Data taken from the 

same engine first on the dyna- 

mometer stand and then in 
the car 
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show four engines, each of a different type, but all giving Ripon NO 
approximately the same relative data on road test’ procedure. ra 
As indicated earlier, some engines demonstrated a greater 
sensitivity than others. However, the results of the use of a 
proper additive would appear to be quite clearly indicated, on 
not only because of the displacement of the curve, but also wero 
™See Appendix, Note 7. Pure Oil Co. 
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Note 2— Operating Procedure tor Bench Test Apparatus 
The efficiency of gasoline in removing gum from a steel plate 
is the basis for evaluating gasoline gum solvents in the “Bench 
Test Apparatus.” 

Concentrated gasoline gum is taken into solution by 
acetone, and a predetermined quantity of this solution is then 
sprayed onto a small, thin, heated steel plate formed into a 
cylinder. As the sprayed solution contacts the heated surface 
of the cylinder, the acetone is evaporated, leaving a deposit of 
gum. The gum is allowed to bake onto the cylinder before 
the cylinder is cooled, weighed, and placed in position in the 
apparatus. 

A fixed volume of fuel, or fuel plus additive, as the case 
may be, is fed through an ordinary stock carburetor. The 
fuel hows through the carburetor under a fixed vacuum, and 
the atomized fuel, on leaving the carburetor, contacts the 
walls of the gum-coated cylinder. The amount of gum 
removed is measured by the difference in weight of the 
cylinder before and after the runs. 

The cylinder is cleaned of all gums after each test, and a 
fresh coating of gum sprayed on before each succeeding test. 

Note 3—“Spark Advance and Octane Number —A_ Road 
Test Technique,” by W. E. Drinkard and J. B. Macauley, Jr., 
SAE Transactions, Vol. 33, October 1938, pp. 436-440. 

Note 4—“The Influence of Humidity on Knock Ratings,” 
by J. R. MacGregor, SAE Transactions, Vol. 32, June 1937, 
Pp. 243-249. 

Note 5 — The original carbon cycle deposition observations 
were made by John F. O'Loughlin, The Pure Oil Co. 

Note 6— Dynamometer Procedure tor Determining Deto 
nation Points — Prior to the test, the necessary adjustments of 
the spark, humidity, and air-fuel ratios are made. These vary 
for each motor, but are kept constant during the test of any 
series of fuels on the same motor. Other factors, such as water 


temperature, oil temperature, intake-manitold temperature, 


and so on, are controlled by automatic devices throughout the 
run. The reterence fuel is fed into the fuel line to the 
carburetor. 

The engine is operated under full-throttle conditions 
throughout the test. After ascertaining that the fuel lines are 
clear of any contaminating fuel, load is applied to the engine. 
As the speed decreases due to load, detonation will occur, or 
“come in.” This point is recorded, and the speed is then 
increased by decreasing the load until the point at which the 
detonation “ceases” has been recorded. Various known refer 
ence fuels are used. The speed at which detonation “comes 
in or “ceases” is then plotted against the octane rating of the 
reference fuel for each reference fuel used. A curve may then 
be drawn connecting these points which will indicate the 
apparent octane requirement of the engine versus speed. 

Note 7— Test Car Procedure — The cars were driven ap 
proximately 500 miles between detonation tests and during 
that time were run on given commercially available fuels. 
During these driving periods standard distributors with fac- 
tory specification settings were used. The carburetors, used 
tor both driving periods and detonation test periods, were 
equipped with variable high-speed jets so that the air-fuel 
ratios could be adjusted from inside the car while under load. 
The carburetor setting used for all cars, at all times, was 13/1 
air to fuel. The speed of driving between detonation test: 
Was 35 to 50 mph. 

The cars were equipped with auxiliary fuel tanks to switch 
the fuel supply at any time to selected reference fuels. These 
reference fuels were the same as those used on the dynamom 
eter tests. Prior to starting detonation tests, the standard 
distributors were removed and replaced by specially fixed 
distributors having neither mechanical nor vacuum advance. 
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The spark was advanced manually trom the cab of the car by 
means of a worm gear drive attached to the distributor. These 
distributors were then set by means of a top dead-center indi 
cator or by means of a neon light on the flywheel markers, 
depending on the type of car. The fixed distributors were set 
to give detonation points between the speeds ot 25 to 50 mph. 

The detonation tests consisted of determining the speeds at 
which detonation “ceased” for various reterence and com 
mercial fuels. In starting any given detonation test the cars 
were started at half throttle, and full throttle was not brought 
in until a speed had been reached, which was about 10 or 15 
mph below which detonation ceased. 

This precaution was taken so as not to destroy “carbon” 
depositions by heavy detonations at speeds far below the point 
where detonation ceases for any given fuel. All cars were 
tested daily within three hours time to insure approximately 
the same atmospheric conditions. 

The following contributed work, data, and observations 
towards the work herein outlined: W. J. Backoff, C. W. 
Demmon, J. G. Hall, L. E. Haas, J. F. O’Loughlin, D. J. 
Wangelin, N. D. Williams. All are connected with The Pure 
Oil Co. 
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Rudder Control Problems on 


our-En gined Airplanes 


By Clarence L. Johnson 


Chief Research Engineer, Lockheed Aircraft Corp. 


HREE ways to solve the problem of control- 

ling a four-engined airplane after a failure of 
one or two engines at take-off are advanced: in- 
creasing vertical tail area; holding the airplane on 
the ground until control speed is reached; and 
coupling symmetrical engines together so that the 
failure of one engine reduces the power on the 
opposite one to less than take-off power. 


Mr. Johnson shows that this problem becomes 
increasingly serious as the airplane power loading 
is reduced. He points out that the trend of nor- 
mal design now existing is such that the wing load- 
ing is also increasing so that the difference be- 
tween the take-off speed and the control speed 
with one engine inoperative does not change 
greatly. A serious problem is presented by the 
use of flaps on take-off from the point of view 
of rudder controllability of these four-engined 
planes with one or more engines inoperative, he 
avers. 


It is impractical, Mr. Johnson believes, to pro- 
vide enough vertical tail area to control the air- 
plane by allowing a certain angle of yaw without 
depending upon the pilot’s reaction to apply the 
proper amount of rudder. He shows that a for- 
tunate condition exists in that, as the power load- 
ing decreases, automatic engine controls can be 
used to limit the power of the unsymmetrical op- 
erating engine to the point where ample control- 
lability can be obtained. 


HIS report presents a general study made on the prob 
lem of directional controllability of a modern four 
engined airplane after a failure of one or two engines 
under take-off conditions. Most of our four-engined airplanes 


{This paper was presented at the Annual Meeting of the Society, Detroit, 
Mich., Jan. 15, 1940.] 
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are tollowing along very similar trends regarding wing load 
ing, power loading, and general design, so that the intorma 
tion contained in this report will apply quite generally to the 
coming series of transport and military four-engined aircraft. 
Much of the data contained herein have been generalized 
with this idea in view. 

The type of airplane considered is a low-wing, four-engined 
tractor type having a wing loading between 30 and 4o lb per 
sq ft, and with a take-off power loading of approximately 8 
lb per hp. As yet, we have no airplanes meeting these con 
ditions in regard to the take-off power loading, but the value 
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Fig. | — Propeller thrust in per cent of maximum static thrust 
versus airspeed — Sea-level standard conditions 
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given will, no doubt, be obtained on our present airplanes due 
to powerplant developments within the next several years. 
This airplane is assumed to be equipped with large vertical 
tail surfaces having a total area of approximately 14 to 16% 
of the wing area. It is assumed to be disposed in an efficient 
manner such as a triple tail, giving a good combination be- 
tween directional stability and control. An attempt will be 
made to clarify several factors which have an important bear- 
ing on rudder controllability, particularly at take-off speeds. 

The present attitude of the Civil Aeronautics Authority in 
the United States regarding directional controllability after 
failure of the outboard engine is in a state of flux at this time. 
In the formulation of new requirements it is necessary to con- 
sider not only our present airplanes, but the developments 
which will occur several years hence. Whatever regulations 
develop should not hinder a continual progress in the line of 
performance or economy in transport operation. Balanced 
against these considerations, is the most important factor of 
all, namely safety. By careful analysis of the problems en- 
countered it may be possible to set up operating technique and 
general design factors which will overcome many limitations 
that now seem to be facing us. 

In dealing with the subject of this report, every effort will 
be made to consider the factors involved from a non-mathe- 
matical and direct viewpoint which may seem very elementary 
to those well versed on the subject. 


Statement of the General Problem 


The critical conditions for rudder control of a multi-engined 
airplane occur in low-speed climb after the failure of one or 
more outboard engines, and in a spin. For an airplane with 
very high power for take-off, it is, in many cases, possible to 
have the airplane leave the ground at a speed which is lower 
than that at which it can be trimmed to fly with one outboard 
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Fig. 2 — Effect of power on lift — Flaps retracted 
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Fig. 3 — Effect of power on lift — Flaps down 


engine inoperative. Fig. 1 shows the variation of propeller 
thrust with airspeed. Maximum thrust is developed with the 
airplane motionless on the ground, and the thrust reduces 
steadily as the speed increases. The lower the speed at which 
one engine fails, the greater is the vertical tail force required 
to trim the airplane. Also, the lower the speed, the lower is 
the impact pressure of the air stream in which the rudder 
operates. This reduces the amount of trimming moment that 
can be obtained. We pass from a condition where the air- 
speed is zero at which an infinitely large vertical tail would 
be required for trimming, to some higher speed at which a 
normal size vertical tail can furnish the amount required. 
Inasmuch as the impact pressure varies as the square of the 
airspeed, the speed at which rudder control exists to balance 
an outboard engine off, is defined quite sharply for a given 
yaw condition. 

The minimum take-off speed is affected greatly by the 
amount of power, which determines the slipstream flow veloc- 
ity over the wing. This factor has not been considered ade- 
quately in take-off computations. Fig. 2 shows the results of 
wind-tunnel tests on a scale model of a four-engined airplane 
equipped with propellers, representing full-scale power con- 
ditions. It will be noted that the maximum lift coefficient 
which determines the minimum take-off speed changes from 
1.31 to 2.15 from the power-off to the take-off power condi- 
tion. This is a change of 64% in maximum lift obtainable or 
a reduction of 28% in the take-off speed from that usually 
assumed. 

When flaps are used for take-off, there is an even greater 
change in the maximum lift obtainable as shown on Fig. 3. 
The effect of power on stalling speed with the flaps retracted 
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Fig. 4-Variation of stalling speed due to propeller thrust 
versus per cent of take-off power —Sea-level standard condi- 
tions 


and in the take-off position is shown on Fig. 4. It will be 
noted that the use of flaps reduces the take-off speed and 
makes more difficult the problem of obtaining ample rudder 
control. It also should be mentioned that low wing loadings 
which enable an airplane to leave the ground at low speeds 
also make the problem of rudder control more critical. For- 
tunately, the speed at which the airplane leaves the ground 
has little effect on the distance required to clear normal 
obstacles which exist between 2500 and 3000 ft from the 
beginning of the take-off run. It also should be pointed out 
that the proper take-off technique on a high-power multi 
engined airplane is to allow the airplane to accelerate to very 
high speeds on the ground before beginning the initial climb 
in order to insure good control particularly with the ailerons. 
Should an engine fail during the last part of the run under 
these conditions, the normal stability of the tricycle landing 
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Fig. 5— Rudder angle and angle of bank required for three- 
engine flight with zero angle of yaw versus airspeed — Sea-level 
standard conditions 


gear will enable the airplane to accelerate to a speed at which 
rudder control exists without developing any dangerous yaw 
conditions on the ground. 


Rudder Controllability 


Figs. 5 to g show the rudder angle required to trim the 
airplane with various amounts of yaw at different powers and 
airspeeds with an outboard engine out of action. For the 
airplane in question it will be seen that the limiting airspeed 
for flying with zero yaw is 100 mph. Under this condition, 
the rudder is fully deflected, no rudder tab setting is used, 
and no cable stretch assumed. 

If the pilot had means for overcoming the hinge moment 
which would develop in such a condition through the use ot 
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Fig. 6-— Rudder angle and angle of bank required for three- 
engine flight with 5 deg of yaw versus airspeed — Sea-level 
standard conditions 


a control surface power boost or efficient aerodynamic balance, 
he would fly with 3 deg of bank, holding the dead engine 
high with zero-deg yaw. He would make every effort to 
accelerate to a higher speed where he could trim the airplane 
by means of the rudder tab and reduce the angle of bank. 
Usually, however, high hinge moments must be overcome by 
the use of the rudder control which results in stretching of the 
control cables to the point where the maximum rudder angle 
is not obtainable but some considerably lower angle is reached. 
The greater the amount of cable stretch, the higher the air 
speed at which the airplane can be controlled. 

The effect of power loading can be seen on Fig. 5 which 
shows that, with half engine power on the three operating 
engines, the trimming speed reduces approximately 20 mph 
for a given rudder angle in the critical speed range. If servo 
tabs are used to reduce the hinge moment of the rudder, there 
will be a large reduction in the amount of yawing moment 
which the vertical tail can supply. Fig. 8 shows the variation 
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Fig. 7 — Rudder tab angle required for three-engine flight with 
zero pedal force at zero-deg yaw versus airspeed — Sea-level 
standard conditions 


of yawing moment coefficient for the rudder alone with the 
tab neutral and also that obtainable at zero hinge moment 
when the rudder tab is deflected. 

The usual type of trimming tab is not effective in reducing 
the rudder hinge moment at high rudder deflections such as 
those required for obtaining maximum control. Only when 
an efhcient aerodynamic balance forward of the hinge line is 
used can real powerful trimming moments be obtained for 
the critical condition. In general, however, the use of aero 
dynamic balance forward of the hinge line reduces the control 
efficiency to a certain degree and brings with it attendant 
difficulties due to icing problems, high drag, and sensitivity 
to flutter. The most effective way to overcome all of these 
difficulties seems to be the provision of a hydraulic power 
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Fig. 8 — Effect of control setting on yawing moment coefficient 
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Fig. 9 — Rudder tab angle required for three-engine flight with 
zero pedal force at 5-deg angle of yaw, versus airspeed — Sea- 
level standard conditions 


boost mechanism connected directly to the rudder control arm 
without the use of cables. This unit can supply the large 
hinge moment required in a very efficient manner. 


Effect of Angle of Yaw 


Comparing Figs. 5 and 6, one can obtain an estimate of the 
effect of yawing the airplane, or rather in allowing the air 
plane to yaw of its own accord, by 5 deg under a flight con 
dition of unsymmetrical power. For a given rudder angle the 
trimming speed is reduced at full power by approximately 12 
mph. With this amount of yaw, the airplane can be trimmed 
with full rudder deflection to within approximately 10 mph 
of the four-engine power on stall speed. 

When angles of yaw are considered, it is very important to 
have a type of tail surface that is not subject to sudden or 
complete stalling. The pilot has no means in the airplane for 
telling his true angle of yaw any more than he has means for 
telling directly the angle of attack of the wing. The effect of 
stalling of the vertical tail surfaces on the directional stability 
is shown on Fig. 10. In this case, the section of the vertical 
tail was quite thin which lead to stalling at a fairly low angle 
of yaw. The stall condition shown was the stall of the upper 
half of a double tail located in the extremity of the horizontal 
tail. The lower section did not stall due to its low aspect 
ratio so that the yawing moment obtainable between a 15 to 
25 deg angle of yaw remains substantially constant. This 
resulted in a safe condition of flight even though the vertical 
surfaces were partly stalled. 

If the stall condition became no worse with the deflected 
rudder and the hinge moment of the surface was normal, this 
condition would be acceptable, although not desirable. Sharp 
ening the leading edge of the vertical or horizontal tail surface 
to reduce drag can result in early tail surface stalling and 
give rise to poor control at angles of yaw. One outcome of 
the complete series of yaw tests referred to in this paper was 
the arbitrary thickening up of the actual tail surface to obtain 
a greater range of angle from zero lift to maximum lift. 

At various times it has been suggested that enough vertical 
tail area be provided on a four-engined airplane to allow a 
take-off with a locked rudder. If an outboard engine stopped, 
the airplane would have enough directional stability to trim 
at a reasonable angle of yaw with no attention from the pilot. 
This method could be carried to extremes and enough area 
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Fig. 10 — Effect of free rudder on directional stability — Power off-— a = 8 deg 
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Fig. || (above) — Effect of angle 
of yaw on excess thrust available 
for climb 


Fig. 12 (right) — Effect of free 
rudder on directional stability - 
Power on—4 engines 
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provided to trim at an angle of yaw 
with the rudder free. 
conditions the 


Under these two 
vertical area required 
would be approximately 25% of the 
wing area for the first case and 35% of 
the wing area for the second case. Thes« 
figures apply to an airplane having the 
upper limit of wing and power loading 
discussed in this paper, namely, 4o Ib 
per sq ft and 8 lb per bhp. It is felt 
that provision of anything like this 
amount of would be extremely 
wasteful of weight and drag for the re 
sults accomplished. 


area 


Further complica 
tion would develop in obtaining satistac 
tory spiral stability with tail areas as 
large as those indicated. The wing di 
hedral would have to be increased from 
50 to 100% to obtain qualities compara 
ble to those we have in our present air 
planes. 

The effect of angle ot yaw on the ex 
cess thrust available for climb is shown 
on Fig. 11. For a 5-deg angle of yaw 
the change in thrust is negligible. For 
higher angles, the thrust reduces rapid 
ly. A similar curve is shown for the 
effect of angle of yaw on lift. For angles 
up to 10 deg, no appreciable change in 
lift results. 

The effect of power on directional sta 
bility can be obtained by comparing 
Figs. 10 and 12. There is a slight re 
duction in stability with power on with 
the rudder in neutral but there is a con 
siderable reduction with the rudders free. 

The effect of angle of yaw on the 
longitudinal stability is quite unimpor 
tant for the model studied. With the 
extreme effects, the longitudinal trim 
was not affected to a degree which re 
quired over 5 deg elevator angle to cor 
rect. 


The effect of extending the flaps is to 
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Fig. 13 -—Rudder angle versus airspeed for two-engine flight 
with zero angle of yaw —Sea-level standard conditions 
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increase the directional stability by a substantial amount. 
This factor is important in considering the effect of yaw on 
controllability with the flaps in the take-off position. There 
are indications that, in certain cases, the increased stability 
will have a large effect in counteracting the lower take-off 
speed and, therefore, the flap effect on the rudder controlla 
bility available. 


Flight with Two Engines Inoperative 


Figs. 13 to 16 show the trimming conditions obtainable 
with two engines on one side inoperative. The speed for trim 
20 


with maximum rudder angle has increased approximately 
mph above that obtainable with the outboard engine only out 
of commission for both the condition of zero yaw and 5-deg 
yaw. For an airplane of the type considered, it is very im 
practical to assume failure of two engines on one side during 
the critical 10-sec period on take-off. The chances of such 
failure occurring are certainly negligible based on our present 
experience, and it is not considered reasonable to provide 
enough control to account for this condition. It is necessary, 
however, to furnish means for trimming the airplane for flight 
at rated power (approximately 90% of the take-off power) 
tor climbing flight. Trim should be provided down to the 
speed for the best rate of climb on two engines. As this speed 
generally differs very little from the high speed with two 
engines inoperative, the trimming problem is not a serious 
one. Other test results are plotted in Figs. 17 to 19. Figs. 20 
and 21 illustrate the wind-tunnel modei set up for tests. 
Dur.ng the course of the complete yaw tests, the aileron 
controllability problem with unsymmetrical power was 
studied. One interesting case was found which is very un 
usual and not in the operating region of the airplane. With 
flaps fully down and take-off power being developed by two 
engines on one side only, the rolling momcat due to the slip 
stream effect almost exceeded the aileron control available at 
low speeds. If full aileron deflection could not be obtained, 
the airplane would roll over completely. Naturally, the pilot 
would be expected to reduce power immediately upon discov 
ery of this condition, but it is another indication of the impor 


tant part the slipstream can play in the problem of stability 
and control. 
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Fig. 14—Rudder angle versus airspeed for two-engine flight 
with 5 deg angle of yaw — Sea-level standa-d conditions 
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Fig. 15—Rudder tab angle required for two-engine flight 
with zero pedal force at zero deg angle of yaw — Sea-level 
standard conditions 






























































m ARES Pott re 
Wl 25 50_67 83 100 
re 2 ENGINES 
djzo \\ —-FLVE DEGREES raw 
et TAMA 
g 
=e KAA 
a N ea 
poo 2 rr 7 


y 
AIRSPEED - MPH 





Fig. 16 — Rudder tab angle required for two-engine flight with 
zero pedal force at 5 deg angle of yaw versus airspeed — Sea- 
level standard conditions 
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Fig. 17 (left) — Effect of yaw on 
‘ lift — Left outboard propeller 
se a feathered—Other engines at 
] rated power 
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Fig. 18 (below) — Effect of air- 





Effect of Design Trends 


In order to summarize many of th< 
factors discussed in this report, a com 
parison will be made to show the com 
bined effect of wing loading and power, 
showing the trends which now exist. 
Consider a hypothetical airplane having 
a wing area of 2000 sq ft, and equipped 
with conventional tractor-type propeller 
installations. The vertical tail area is 
15% of the wing area and is disposed 
efficiently. Think of this airplane as 
having a combination of wing and 
power loading covering the present-day 
values and also those likely to be used 
during the next several years. This con- 
dition can occur in practice by revising 
a given model by the addition of power- 
plants of higher power and increasing 
the gross weight. Using the data de 
rived in this paper, consider the problem 
of rudder controllability after failure of 
an outboard engine at the moment the 
airplane leaves the ground. The landing gear is extended and 
the dead engine propeller is in low pitch. 

Airplane 4 represents current design practice and airplane 
B, an advanced type. For the latter airplane, two conditions 
are shown: one with full gross weight, and the other with 
light load. Table 1 shows the controllability speeds and the 
take-off speeds. It will be noted that there is not a great deal 


Table 1— Controllability and Take-Off Speeds for Current and 


Advanced Airplane Designs 


Airplane Airplane B 
Item 1 Full Load Light Load 

Wing Area, sq ft 2000 2000 2000 
Wing loading, lb/sq ft 30 40 32 
Take-off power loading, 

4 engines, lb/bhp 12 8 5.76 
Minimum take-off speed, 

flaps up, mph 77.8 82.5 73.8 
Minimum take-off speed, flaps 

in take-off position, mph 66.5 73.6 65.8 
Control speed with outboard 

engines inoperative — zero 

yaw, mph 88 100 100 
Control speed with outboard 

engine inoperative, 5 deg 

yaw, flaps up, mph 78 88 SS 


speed on controllability 





ot difference in either the take-off speeds or the control speeds. 


The airplane with the lower power loading develops a higher 
maximum lift on take-off than the other. The controllability 
speeds are based upon full rudder deflection. If flaps are used 
for take-off, the take-off speed is considerably lower than for 
the condition with flaps up. Complete data are not available 
for determining the control speed at 5-deg yaw with the flaps 
set for take-off, but the difference existing from take-off to 
control speed with flaps up is probably quite similar to that 
which will be obtained with the flaps set for take-off. Tests 
to determine this factor are now under way. 

While the controllability for the airplane with the higher 
wing loading and low power loading is not as good as that 
for airplane A, it can be, nevertheless, a much safer airplane 
during take-off. The control problem easily could be kept 
within reason if the power on the operating outboard engine 
would be reduced to about 50% of the take-off value as soon 
as the other outboard engine failed. This should be done 
automatically and should not require the attention of the pilot. 
Table 2 derives the rate of climb that would exist for the two 
comparison airplanes for the limiting case where the power 
on both outboard engines is zero. The landing gear is ex 
tended and the outboard propellers are idling in low pitch. 
A velocity of r10 mph is chosen for the example, although a 
value ro mph on either side of this figure will not substan- 
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Table 2— Derivation of Rate of Climb with Two Outboard 
Engines Inoperative 


Airplane Airplane B 
Item A Full Load Light Load 

V, mph 110 110 110 
Cx 0.97 1.29 1.03 
Cpo, flaps up gear up 0.070 0.12 0.075 
Cp gear 0.020 0.020 0.020 
Cp of 2 idling propellers 0.0100 0.0120 0.0120 
Cp total 0.100 0.152 0.107 
Drag at 110 mph, lb 6400 9430 6630 
THPe 1875 2760 1940 
BHPr.o 5000 10,000 10,000 
Propeller Efficiency, 70 70 70 
THP, 1750 3500 3500 
Rate of climb at 110 mph with 

two outboard engines inop- 

erative (low pitch) and gear Descends Climbs Climbs 


down 70 fpm 305 fpm 805 fpm 


tially affect the results shown. Airplane B has larger diameter 


propellers than airplane A, so the idling propeller drag is 


higher. Airplane 4 actually will lose altitude when flying on 
the inboard engines only, while airplane B has a rate of climb 
with full load of 305 fpm in the same condition. Therefore, 
while the control problem is worse for airplane B, a solution 
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g. 19-—Effect of flars on d'r-ctional stability — Power off - Rudder 0 deg 
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can be found through an automatic power control for the 
outboard engines which would make it very safe, particularly 
if one outboard engine were set to develop 50% of its take-off 
power. In this case, the control speed would be 73 mph at 
5-deg yaw, which would be below the stalling speed with the 
flaps in the take-off position. This safety could be obtained 
without any increase of drag or appreciable weight for the 
airplane. It would enable the four-engine airplane to operate 
into and out of smaller fields than is possible at the present 
time, and would greatly relieve the pilot of worry during 
take-off. For airplane A, for which the control problem is 
easier, equal safety could be obtained by having the engine 
power on the operating outboard engine reduced to only 70% 
of the take-off value instead of 50%. 


Conclusions 


1. For the modern trend of four-engine design, the power 
loadings and wing loadings are changing in a manner which 
tends to keep the one-engine-inoperative controllability prob 
lem a constant. 

2. The use of flaps for take-off will decrease greatly the 
take-off run and distance required to clear an obstacle if the 
rudder controllability problem with one engine inoperative is 
neglected, or can be solved. If the controllability speed is 
reached on the ground and maintained in 
climb, flaps are not beneficial to take-off. 

3. For an airplane with a 30 lb/sq ft 
wing loading and a 12 |lb/bhp power 
loading, ample controllability can be ob 
tained within 2 mph of the flap-up 
power-on stall speed by allowing and 
holding 5-deg. yaw. This can be ob- 
tained with a reasonable size vertical tail 
surface of good design if full rudder 
angle can be obtained at reasonably low 
hinge moments. 

4. Cable deflection cannot be tolerated 
in good design without sacrificing con- 
trollability speed. Control surface power 
boosts will probably be essential in ob 
taining high rudder efficiency at 
hinge moments for the pilot. 


low 


5. For a four-engine airplane with a 
40 lb/sq ft wing loading and 8 lb/bhp 
power loading, ample controllability can 
be obtained at 7 mph above the power on 





Fig. 20 — Experimental power model in wind tunnel 


Fig. 21 — Stall tests showing upper part of vertical tail stalled 
at 20 deg angle of yaw 
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stall speed when one outboard engine is inoperative; 5 deg of 
yaw is used in this case also. 

6. The rudder controllability problem is more serious with 
light load than full load due to the ability to take-off at a 
lower airspeed. 

7. The controllability problem after engine failure on take- 
off can be solved completely in the following ways: 

a. Increasing vertical tail area by substantial amounts over 
present design. This arrangement will require increased 
dihedral for the wing to avoid spiral instability. 

b. Arbitrarily holding the airplane on the ground until con- 
trol speed is reached. 

c. When enough power is available as in conclusion (5), 
couple symmetrical engines together so that failure of 
one engine immediately reduces the power on the oppo- 
site one to less than take-off power. This can be done 
through the rudder pedals, by utilizing engine torque- 
meters or a large number of other ways. The angle of 
climb must thereafter be a safe value at least above 2.0 
deg. This procedure will allow the safe use of flaps on 
take-off which, under practically all conditions, is bene- 
ficial if rudder control is not a problem. 

8. Regardless of the method used to obtain the results, the 
airplane should be able, with full load and reasonable field 
conditions, as they now exist to: 

a. Clear a 50-ft obstacle 3000 ft from the start of the take- 

off run (with zero wind), regardless of which engine 
fails on a four-engine airplane. 


b. The foregoing condition should be met with engine fail- 
ure at any point beyond 1500 ft from the start of the 
take-off run. Up to this point, the airplane can be stopped 
on the ground in any normal field. 

c. The pilot should not be expected to juggle throttles, 
trimming controls, landing gears, flaps and airspeeds 
during the critical 10 sec after take-off. 


Discussion 


Slipstream Utilized 
To Counteract Moments 
— T. M. Hemphill 


Consolidated Aircraft Corp. 


UR experience has been that the slipstream which produces the high- 

lift effects referred to in Mr. Johnson’s paper also can be directed 
onto the vertical tail surfaces so as to counteract the moments due to 
engine failure. This can be done either by toeing out the engines or 
toeing in the vertical surfaces. It is conceivable in a four-engine airplane 
with a triple tail that the two outboard engines could be toed out so 
that their slipstream would be directed on the outboard surfaces while 
the inboard engines can be directed at the center fin with satisfactory 
results. This would avoid the necessity for reducing power and also for 
the mechanism required to accomplish the power reduction. 





Dangers of Bombing 


HE hazards of bombing against adequate defenses are 
numerous. The present war has proved conclusively that 
bombers are no match for good pursuit planes —their best 
, defense so far has been clouds. The pursuit planes have 
greater speed and maneuverability and are being armed with 
eight guns — some of them cannoh, firing high-explosive shell. 
Most bombers have restricted fields of fire. The pursuit plane, 
being the attacker, chooses the time and direction of attack, 
attempting an angle where there is no bomber field of fire. 
{ the pursuit plane puts the guns in the bomber tail out of 
action, the bomber is helpless from rear attack, and the pur- 
suit plane can destroy it at will. The British are now using 
powered turrets on some ships to increase the field of fire. In 
addition, anti-aircraft guns are very annoying at low altitudes. 
So far, bombers flying low enough to accomplish their mission 
(where there was defense) have had excessive losses; if they 
remained high enough for safety, their mission was not ac- 
¢omplished. This has been true on both sides. 

Accurate bombing encounters many difficulties. For in- 
stance, a bomber flying at 200 mph and 20,000 ft altitude must 
release its bomb some 214 miles from the target. The bomber 
should sight the target some 3 miles before this point, or 51 
miles from the target. The pilot should maintain a straight 
and level course over this route—a fact used by anti-aircraft 
gunners. There is only one highly accurate bomb sight in 
existence, and that secret is closely guarded by the United 
States Army. Hitting a definite objective from high altitude 
at high speed is a very difficult feat. The intense cold at high 
altitudes often numbs the personnel, particularly in the tail 
of the plane. so that they are almost helpless. A further dif- 


ficulty of gun accuracy from a moving plane is that a bullet 
fired to the side will change its course due to its spinning 
motion in the air stream; if fired to the right, it will rise above 
the normal trajectory; if to the left, it will drop below. 

It has been proved in the Chinese and Spanish wars that 
attacking bombers must have a convoy of fighting planes to 
accomplish the bombing mission without excessive loss. The 
Japanese originally tried long-range bombing without escort, 
and where pursuit planes attacked them, the loss of bombers 
was excessive. Later, fighter escorts were picked up en route, 
this escort engaging fighting planes while the bombers ac- 
complished their mission with light losses. Some pursuit 
planes were lost, but the expensive bombers were protected. 

This explains partially why there has been no widespread 
bombing in the present war. Pursuit planes carry little fuel 
and have a small flying range, whereas bombers carry a heavy 
fuel load and have a long flying range. Neither side has pur- 
suit planes that can accompany bombers on long-range flights, 
engage in combat with enemy planes, and have enough fuel 
left to return to their bases. Long ranges are accomplished 
at moderate cruising speeds; if the speed is increased ap- 
preciably, the range is shortened, due to the faster rate of fuel 
consumption. This war will probably develop long-range 
fighters for bomber convoy, and there may be no extensive 
raids against adequate defense until this is done. 

Excerpts from the paper: “War Wings,” by A. T. Colwell, 
vice-president, Thompson Products, Inc., presented at the 
Syracuse Section Meeting of the Society, Syracuse, N. Y., 
Mar. 25, 1940. 
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Status of Fuel Performance 


Tests 


in Aviation En gines 


By R. F. Gagg 


Wright Aeronautical Corp. 


VIATION rightly demands superlative performance 
from its powerplants. In general terms, this require- 
ment resolves itself into maximum power for short 

periods, 1s during take-off, and a minimum of fuel consump- 
tion at some lower power level required to achieve the cruising 
objective of the airplane. Big steps toward these ends have 
been accomplished by active cooperation of the engine builder 
and the fuels technologist. 

Now we need to review our current practice and to amplify 
our test methods for measuring the engine performance of 
fuels having relatively different characteristics at normal cruis- 
ing and at take-off or maximum-power conditions. 

For fuel testing we are at once attracted to the full-size 
single-cylinder aircraft engine because of its low cost and 
convenience in testing procedure. However, experience has 
demonstrated amply that results of tests on single-cylinder 
engines are sometimes grossly misleading because of unavoid- 
able dissimilarity in the single and multicylinder engine oper- 
ation. The one-cylinder unit should properly be used only as 
a sort of pilot for full-scale testing until the results of the two 
kinds of tests are in substantial agreement and are validated 
by the final arbiter —experience in service. A few aircraft 
operators already have been led into serious service difficulties 
by shortcuts from this path. For the present, at least, full-scale 
multicylinder engine tests must be counted as the most reliable 
guide for action. 

The procedure for detonation rating tests of fuels in aircraft 
engines already developed by the Cooperative Fuel Research 
groups has proved to be quite satisfactory for measuring fuel 
characteristics at cruising power levels where fuel consump- 
tion is the governing consideration. The principal criteria for 
a cruising-detonation rating are: 


Criteria for Cruising Rating 


a. Minimum weight of fuel used per unit of power and 
time at required output for cruising. 

b. Freedom from overheating of engine beyond limits estab- 
lished for durability and safety. 

c. Minimum volume of fuel required. 

The report of the Cooperative Fuel Research Committee 
presented before this Society in January, 1936, by C. B. Veal’, 
covers procedure and apparatus required for engine tests of 
the first two items. In recent experience, it has been found 
desirable to add a balanced-diaphragm peak-pressure indicator 
as an additional means for precise identification of the begin 





[This paper was presented at the Annual Meeting of the Society, Detroit, 
Mich., Jan. 17. 1940.) 

1See SAE Transactions, Vol. 31, May, 1936, pp. ~61-175: “Rating Avia- 
tion Fuels in Fu'l-Scale Aircraft Engines,” by C. P. Veal 
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ning of detonation. It is hoped that a sensitive electrical 
instrument for detection of detonation will shortly be available 
for full-scale fuel-rating tests. 

The results of cruising rating tests at an appropriate power 
level are illustrated typically in Fig. 1. The fuel being tested 
is bracketed between two reference fuels having known qual- 
ities, and the rating is the result of interpolation between test 
data with due consideration given to minimum consumption 
attained, temperature effects, and specific gravity. Thus, all 
the principal criteria for the cruising rating test are satisfied. 

In the example of Fig. 1, the test fuel contained a large 
portion of aromatics with a high latent heat of evaporation 
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Fig. 2—Typical fuel test data for take-off detonation rating 


and a relatively low heat content. It is apparent, even in cases 
of widely different fuels, that the tests specified for the cruis- 
ing rating do provide a good comparison of fuel qualities 
needed for cruising operation. 

It seems clear that no fuel test or comparison at a single 
power-output level can provide all the information needed to 
judge its qualities for take-off operation. A take-off rating 
implies a measurement of the fuel performance in an engine 
to indicate the maximum power output permitted by the fuel 
characteristics without limitations imposed by the engine. 

The amount of fuel consumed for take-off operation is of 
small importance, as the whole duration of the operation is 
relatively short. A specific fuel consumption value which is 
twice the cruising value is quite acceptable for take-off. How- 
ever, since excess mixture richness adversely affects power 
output with most fuels, this factor cannot wholly be ignored. 
Maximum power output with safety is the prime considera- 
tion but, as for cruising, safe temperatures and freedom from 
detonation are mandatory. 

The take-off detonation rating test therefore must demon 
Strate: 

a. Maximum power output permitted by fuel characteristics. 

b. Freedom from overheating of the engine. 

It has been suggested that a series of test runs similar to the 
cruising rating test but done at increasing power output values 
would provide the necessary data. For such tests, the leanest 
mixture which is free of detonation and overheating is desir 
able so long as it is not weaker than the mixture required for 
maximum power. However, this test procedure is both slow 
and expensive. 


A nearly equivalent result may be obtained by running only 
the “end points” of the mixture-control runs previously men- 
tioned. For any single series of runs with one fuel, engine 
operating conditions should be held constant at suitable 
values: engine speed; cooling supplied to the cylinders; spark 
timing; air intake temperature; oil supply; et cetera. For a 
test run, the fuel-air ratio is first adjusted to a moderately 
weak mixture at a low and safe power output. The throttle 
is then gradually opened to the point where the fuel begins 
to exhibit signs of distress. This procedure may require some 
trial steps. After obtaining a reading, the mixture is enriched 
slightly and the throttle is then again opened gradually to the 
point where fuel trouble begins at the richer mixture strength 
Care must be exercised to avoid detonation during the test 
run recorded, but the operator must obtain conditions on the 
borderline of trouble. The method requires a skilful tester, 
but is relatively fast as compared with making complete 
mixture-control runs. 

If the operator opens the throttle too far with the existing 
mixture-control setting so that detonation is encountered, it 
will show on the record as a limiting condition. Errors on 
the rich side do not greatly affect the accuracy of resulting 
ratings, as will be seen by inspection of Fig. 2. This shows 
for fuel A (a reference fuel), that the maximum safe rating 
for any mixture strength is 100 units on the arbitrary scale of 
the diagram. This take-off rating is strictly applicable only to 
the conditions selected for the test runs, though moderate 
changes in test conditions are ordinarily not critical. 

If the tester is unduly conservative in judging the limits of 
safe operation at any mixture strength, the next richer run 
tends to correct the error. The final or limiting output (as at 
100 units on Fig. 2) will be affected in only moderate degree 
by a continuous bias in either direction. 

Similar take-off rating tests are shown in Fig. 2 for another 
typical aviation fuel B and for the aromatic fuel of Fig. 1, 
here marked C. The engine used for this series of test runs 
was, unfortunately, not capable of defining take-off detonation 
limits for fuels B and C at their maximum permissible values. 
The data do show the trend of behavior of the fuel containing 
aromatics. This type of test does differentiate between the 
fuels for use at take-off power conditions, a result which 
cannot well be accomplished by the single test used for a 
cruising rating. 


Take-Off Improvement Indicated 


It is interesting to note that the best attainable fuel con 
sumption for the engine at the chosen operating conditions 
and when using a normal gasoline which is completely free 
from detonation is as shown by curve D of Fig. 2. This indi 
cates the extent of future improvement in take-off perform 
ance which may be possible. 

There are obvious disadvantages in using two types of 
aviation fuel detonation ratings, but the necessity for facts 
and a clear understanding of their importance to aviation are 
worth what confusion may result temporarily. Standardiza 
tion of procedure and nomenclature is much needed, and 
may eliminate the kind of misunderstandings which have 
already brought service difficulties to engine users. Certainly 
more experience in testing and field service is needed before a 
double rating can be appraised properly. 

It is clear that the one full-scale engine test now used is 
adequate for cruising detonation ratings only. A_ take-off 
rating test for fuels must be added to the fuel-rating proce 
dure so that engine builders may take full advantage of all 
desirable fuel characteristics, and so that fuel producers may 
have their product justly appraised and properly used by 
their customers. 


























a Fig. | —Typical design of conventional spring construction 


ROBABLY no other single functional characteristic 

of the modern passenger car has undergone as much 

change within the past few years as has that of the 
riding qualities. The introduction of independent tront 
suspension in this Country was a major step in the direc 
tion of improving the ride. This development has brought 
with it many new ride concepts, such as lowered spring 
friction, lowered spring rates and ride frequencies, the so 
called “flat ride,” and so on. It also has brought with it 
many new ride and handling improvements, as well as 
many new problems, some of which-are not as yet solved. 

We have made definite progress in the design of our 
chassis suspensions and springs. In particular we have 
learned much about how to apply low-friction, low-rate 
springs to the suspension, still retaining stability in steer 
ing and handling qualities. We have found that, as spring 
rates and friction were reduced, we could and should re- 
duce the magnitude of the damping provided by shock 
absorbers. We have found new ways of restraining the 
natural tendency to “pitching” or angular oscillation about 
the center of gravity. We have discovered the need of 
independently applying damping to the several elastic 
members making up the combined suspension and chassis 
structural systems in the interest of reducing such objec 
tional characteristics as tire harshness, jiggle, and so on. 
In short, we have made substantial progress in controlling 
the movement of the passenger-carrying compartment or 
body for a wide variety of road contours and surface con- 
ditions, with the result that passenger fatigue on long trips 
has been reduced greatly and new and pleasant riding 
qualities have been provided. 

Meanwhile comparable development in cushion springs, 
the suspension system between the passenger and the car 
body has remained relatively static. True, the improve- 
ments made in the chassis suspension have reduced the 
apparent need for further cushion-spring development. 
This condition should, however, be a challenge to the trim 
engineer to add further to the good work done by the 
chassis designer to the end of still greater improvement in 
riding qualities. We should, in all fairness to the trim 


[This paper was presented at the Annual Meeting of the Society, 
Detroit, Mich., Jan. 17, 1940.] 
Mr. Paton is chief engineer; Mr. Pickard, trim engineer; and Mr. 


Hoehn, engineer of the Packard Motor Car Co. 
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Seat Cushions 


the 


RIDE PROBLEM 


by CLYDE R. PATON, 
E.C. PICKARD and V. H. HOEHN 


Packard Motor Car Co. 





8 USHION studies should be an integral part of the 

ride development problem, the authors contend, 
pointing out that the trim engineer, as a part of the 
body-engineering department, has never had much 
chance to appraise the ride phase of his problem. In 
this paper they bring out that proper balance be- 
tween the car suspension and the passenger suspen- 
sion, namely, the trimmed seat, should have a very 
definite relationship. The effect of seat pads, up- 
holstery cloth and style, seat contour, and seat 
springs on riding comfort are shown, and the results 
of tests indicating the effect on ride of different com- 
binations of these elements are presented. 


It is emphasized that the actual contour of a seat 
cushion when the passenger is in it, is of chief im- 
portance, and that the free contour is of little 
importance. 


It is shown that a cushion that gives a very satis- 
factory "showroom" softness may produce an un- 
satisfactory ride under dynamic conditions. 


The authors suggest the possibility of a leaf type 
of variable-rate cushion spring and a means ce 
elastically suspending the seat assembly as a whole 
with respect to the car body. 





engineer, however, at this point confess that he probably 
never has had much opportunity to appraise the ride phase 
of his problem. 

Until relatively recent years in most companies, and 
even today with some others, the chassis and body design 
groups were almost independent organizations. The chas- 
sis and body divisions have had relatively little common 
thought except such necessary items as body-bolt loca- 
tions, the position of steering wheel, pedals, and other 
controls. The body and chassis design groups in the recent 
past have been definitely competitive in attitude. In the 
early days of our industry the chassis designer was dom- 








inant, with the body considered only as “a comfortable 
enclosure for passengers.” With increasing emphasis on 
styling, body and chassis groups have, of necessity, been 
drawn closer together with styling in many instances dom- 
inating both chassis and body interests, in some cases to 
the definite detriment of function and utility. We grad- 
ually have developed the concept that the passenger car 
“as a whole” is a single design problem, unified as to ap- 
pearance, as to its structural design, as to its operating 
functions, and as to its riding qualities. 

Unfortunately our personnel organizations have not in 
all cases been kept in alignment with this changing design 
concept. In too many cases our chassis and body design 
groups are still functioning as two separate organizations 
and still lack proper correlating direction. The ride en- 
gineer is still usually considered a part of the chassis 
group and often gives little or no attention to the details 
of trim and seat cushions. The trim engineer has usually 
been considered as integral with the body-design group. 
In addition to his responsibility for design of body in- 
terior trim, which for the purposes of this discussion we 
may disregard, his major responsibility has been the de- 
sign of seat cushions and backs to meet certain conditions 
not normally associated with the ride problem. For exam- 
ple, he has been required to develop style appeal to please 
the sales manager. His designs must have good “show- 
room softness” to please prospective buyers. They must 
be adaptable to normal routine operations, in other words, 
they must satisfy the factory from a production standpoint. 
They must remain free enough from squeaks and wrinkles 
to be acceptable to the service department. The trim en- 
gimeer is not, in general, supposed to have any interest 
in riding qualities, in the relation of his cushions to the 
other ride characteristics of the car, or in the interrelation 
between the chassis suspension and the passenger suspen- 
sion on the cushions. As a usual thing, he is given rela- 
tively little opportunity to work directly on the ride prob- 
lem. He is given very little cooperation by the ride en- 
gineers. In short, he is not supposed to be interested in 
the ride problem. 

It is now becoming increasingly obvious that the design 
of seat cushions and backs is a very important element in 
the proper design of the suspension system for transport- 
ing the passenger. Without seat cushions even the best 
of present-day rides would be most unsatisfactory. Some 
effective suspension system between the passenger and the 
body is absolutely necessary. There is growing evidence 
that the proper balance between the car suspension and 
the passenger suspension, namely, the trimmed seat, should 
have a very definite relationship. This is a subject about 
which relatively little is known and which, in general, 
has been handled in a rather haphazard manner. The 
present discussion will not attempt to answer all of the 
questions raised, but rather will endeavor to point out 
some of the problems that exist and some of the direc- 
tions in which we can look in search for further ride 
improvement. 


® Seat-Cushion Constructions 


First, it may be well to review rather briefly the various 
types of constructions which have been used for cushions 
and backs: 

Fig. 1 shows a typical design of what is known as the 
conventional spring construction. This arrangement con- 
sists of an assembly of coil springs attached to a bottom 
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frame, together with the necessary locating spears, te 
springs, upper border wires, and so on. This construc 
tion has the advantage of relatively low cost, a consider- 
able flexibility as to the distribution of the support in rela 
tion to the passenger. It does not, however, include means 
for obtaining any substantial damping for the control of 
the spring action. It is a tribute to the spring manutac 
turer that he has been able to put an assembly of this 
character together and keep it as free from noise as has 
actually been accomplished in view of the multitude of 
metal-to-metal contacts. 

Fig. 2 shows a photograph of what is generally known 
as the combination type. This is very similar to the con- 
ventional type, except in this instance three rows of the 
springs have been enclosed individually in burlap pockets 
for the purpose of introducing a certain amount of air 
and friction damping for deadening the elastic property 
of the coil spring and to permit preloading. The burlap 
reduces the number of metal-to-metal contacts and, there 
fore, reduces the squeak possibilities. 


> 


- 


This construction also has a further advantage in that 
it is possible to obtain some control over the initial com 
pression of individual spring units making up the assem 
bly enclosed within the burlap pockets. This type of 
construction is more expensive than the conventional type 
and substantially freer from spring squeaks, although it 
still has a large number of metal-to-metal contacts all of 
which are potential squeak sources. 

Fig. 3 shows the so-called full-burlap type of spring, 
in which all of the coils are enclosed individually in bur- 
lap pockets. This type is still more expensive than the 
combination type; provides still more air damping by en 
closing all of the coils; and offers considerable latitude 
in the spring design, both as to the graduating of the 
individual coils for support distribution and also as to 
the control of the initial compression of the springs. 

Fig. 4 shows the full “Marshall” type of spring. In this 
construction each individual spring is enclosed in a cotton 
pocket of relatively close weave which provides some air 
damping. This assembly is usually made up of a relatively 
large number of small coils. The individual cloth pockets 
minimize noise, and permit installation of springs with 
differing degrees of initial compression. 

Fig. 5 shows a double-deck or topper cushion spring 
This is made with a burlap-type lower spring and a soft 
Marshall spring topper. The cushion spring is constructed 
so that the top or surface of the cushion is soft and yet 
as the full weight of the passenger is applied, the lower 
stiffer coils are used for the added support. 

The “topper” acts to provide surface softness and is 
attached to the lower spring assembly by helical springs 
at regular intervals around the border wire. 

In addition to these five current types of construction, 
we have Fig. 6—a relatively new development, the zigzag 
spring, which is beginning to find usage, so far principally 
as a seat back. 

This construction has among other advantages, light 
ness in weight, relatively low cost, and a limited rebound 
tendency. In addition, when used as a back, a substantial 
saving in space, permitting, in the case of close-coupled 
bodies, a substantial gain in knee room for rear-seat pas 
sengers. 

This construction, combined with a top surface of indi 
vidually enclosed coil springs, known as the “soft topper,” 
as shown in Fig. 
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is now being used successfully. It is 
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a Fig. 2—Combination type of seat-cushion spring construction 
with three rows of springs enclosed individually in burlap pockets 


a Fig. 4—Full “Marshall type of seat-cushion spring construction 
with each individual spring enclosed in a cotton pocket 


possible with this combination to obtain a very acceptable 
seat-back spring with considerable gain in knee room space. 

More recently attention has been given to the develop 
ment of the flat type of spring for both cushions and 
backs. This construction is shown in Fig. 8 and, although 
not as yet in production use, it offers some interesting 
possibilities. 

Fig. g shows the rear view of a partially trimmed as- 
sembly. 

Fig. ro illustrates the front view of the fully trimmed 
assembly. 

This type of spring, which is now being developed, 
effects a substantial weight saving and has the additional 
advantage of some interleaf damping. It is to be hoped 
that we may see this development carried on further in 
view of its inherent promise. 

Fig. 11 shows the foam-rubber construction, in which 
the rubber itself serves as both spring and pad. This type 
of construction has been used to a limited extent on such 
applications as passenger buses, airplanes, and _ railcars. 
It has not found application in passenger cars. You will 
note that in this construction the air cells indicated at 
A, cooperating with restrictions in the seat base, the vents 
shown at B, provide a certain degree of air damping. 

Fig. 12 shows at the left a combination of springs en 
closed in a rubberized-hair pad while, at the right, is 
shown a rubberized-hair assembly of seat, back, head and 
arm rests, 


Fig. 13 shows one of several types of the rubber pneu- 
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m Fig. 3-Full-burlap type of seat-cushion spring construction in 
which all springs are enclosed individually in burlap pockets 


= Fig. 5 —- Double-deck or topper cushion spring made with a burlap- 
type lower spring and a soft Marshall spring topper 


matic cushion on which some experimental work has been 
done. This type of cushion, although used to a limited 
extent on some European cars, has not found its way into 
the American field. Disadvantages, such as lack of lateral 
stability and the difficulty of obtaining satisfactory damp 
ing and elastic properties, should be mentioned. 


w Cushion Pads : 


Fig. 14 shows some of the more commonly used mate 
rials for cushion pads. These include cotton, curled hair, 
wool, sisal, sisal with cotton, and foam rubber. The com 
monly accepted function of the pad is primarily for the 
purpose of obtaining surface softness. Expressed in an 
other way, it is used for the purpose of limiting the value 
of unit pressure between the cushion and the passenger. 
The pad also serves as a means of distributing the load 
between the cushion spring and the passenger’s body. 

One of the less known but most important functions of 
the pad lies in its ability to provide damping of the cushion 
spring assembly. This is a phase of cushion design which 
has had relatively little attention. The emphasis up to the 
present, so far as the pad is concerned, has been placed 
largely upon the matter of surface softness alone but, as 
we go deeper into the matter of relating the cushion de- 
sign to the ride, we find that the cushion pad is one of 
the important factors in providing the necessary damping 
of the cushion-spring action. It by no means holds that 
the best pad material is the one giving the greatest degree 
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of surface softness. Recent experience, which will be dis- 
cussed later, has shown that the damping factor was, in 
many cases, even more important to the reduction of pas 
senger fatigue than surface softness itself. We will come 








a Fig. 6 — Zigzag type of seat-cushion spring construction 


a Fig. 8 — Flat type of spring construction for both cushion and back 


(Courtesy F. L. Jacobs Co. 


a Fig. 10—Front view of fully trimmed flat-spring seat-cushion 
assembly 
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back to this subject later and discuss at greater length the 
advantages and disadvantages of foam rubber when used 
as pad material. Although rubber has been found to be 
one of the most effective ways of obtaining surface soft 





a Fig. 7 — Zigzag type of seat-cushion spring construction combined 
with a top surface of individually enclosed coil springs 


a Fig. 9-—Rear view of partially trimmed flat-spring seat-cushion 
assembly 


a Fig. || —Foam-rubber seat-cushion construction in which the 
rubber itself serves as both spring and pad 
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m Fig. 12-A combination of springs enclosed in a rubberized-hair 
pad is shown at the left; at the right is illustrated a rubberized-hair 
assembly of seat, back, head and arm rests 


ness, it has certain disadvantages which, in some installa 
tions, have substantially offset its advantages. 


® Pad Protectors 


In order to prevent the pads trom working down into 
the spring assembly with resultant breakdown and wrin 
kling, pad protectors such as shown in Fig. 15 are often 
used. These have little effect on the measurable rate as 
will be shown later, but do have an influence on the im- 
pression of “surface softness.” This latter influence is, no 
doubt, due to a change in pressure distribution between 
the cushion and passenger when a pad protector is used. 
Pad protectors also have only a minor damping effect. 
Their use is justified principally by the greater freedom 
from sagging and wrinkles which they provide. 


m Cloth or Fabric Cover 


Another very important factor in the overall cushion 
result is the style of trim and physical characteristics of 
the cloth used. This is primarily due to the factor of 
elasticity in the trim envelope. 

Usually in the selection of trim materials and design, 
emphasis is placed primarily on appearance and, as a 
result, the sales department usually selects the trim cloth 
and the trim style. Here again we are dealing with factors 
of substantial magnitude in their effect upon riding qual- 
ities. Anyone who has followed the ride problem closely 
recognizes the tremendous influence that trim style — plain 
versus pleated —and the elasticity of the trim cloth have 
upon the overall result. A substantial degree of elasticity 
is desired in the cloth in order to permit the passenger 
to sit ynto the cushion rather than on the cushion. The 
degree of elasticity that is required in the cloth to obtain 
the most satisfactory result, differs, depending upon 
whether a plain or pleated style of trim is employed. The 
cloth should have a certain degree of elasticity in order 
to avoid giving the impression of a hard cushion surface. 
Frequently the difference in comfort between a new cush 
ion and an old cushion is largely a matter of the skin 
tension of the trim envelope. When the cloth is taut, 
additional numbers of the coil springs are brought into 
partial action giving an increase in effective spring rate 
as compared with the condition where the fabric is elastic 
enough to permit the passenger to sit into the cushion 
surface and ride primarily only on the springs immediately 
below him 


We should mention in this connection that cloth speci 
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fications should distinguish between elasticity and perma 
nent stretch. Permanent stretch is, of course, undesirable 
in that, when it exceeds reasonable values, cushions wrin- 
kle excessively and are, therefore, unsatisfactory from a 
service standpoint. This is a subject which should receive 
further attention both by the cloth supplier and the trim 
engineer. At the present time, so far as we know, the 
only elastic specification which we give the cloth manufac- 
turer is that of a stretch limit. Greater uniformity of the 
cushion result can be obtained by establishing for the 
supplier what we need in the matter of elasticity as dis 





m Fig. 13 — Type of rubber pneumatic seat cushion used to a limited 
extent on European cars 
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en Fig. 15-Pad protectors used to prevent the pads from working 
down into the spring assembly 
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m Fig. 16— Master figure, whose measurements are a composite of 
40,000 human beings, seated in cushions designed for him 


tinguished from stretch. Our cloth specifications should 
include both minimum stretch and a maximum elastic 
limit. 

Another factor which is now subject to rather wide 
variations in production is the matter of the initial tension 
of the trim envelope as applied to the spring and pad as- 
sembly. We can, in the interest of reducing the variation 
between individual cushions, advantageously improve our 
methods of applying the trim envelope in order to hold 


more closely to a given value for the tension of the trim 
envelope. 


@ Seat Contour 


Another factor of importance in the design of comfort- 
able seating is the matter of seat and back contour. At the 
outset we should emphasize that the free contour is of 
relatively little importance. The factor of major impor- 
tance is the actual contour of the cushion and back when 
the seat is occupied by the passenger. The determination 
of the proper contour has received a great deal of atten- 
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m Fig. 17- Summary of some of the findings of the Committee on 
Postural Seating of the National Chiropractors Association 





tion because of its importance to the comfort of the pas 
senger. 

The problem of establishing proper contour is made 
extremely difficult by the fact that, unlike the manufac 
turer of clothing who can offer a wide variety of sizes of 
his product to suit varying individual builds and statures, 
the trim engineer has the task of producing a seat cushion 
which will fit satisfactorily and adjust itself to many dif 
ferent sizes, weights, and shapes of passengers. Seat 
cushions must suit not alone the average height and 
weight, but must also be reasonably satisfactory to those 
ot both extremes of stature and weight. A certain part 
of this requirement is provided for by the standard front 
seat adjustments so far as location with respect to steering 
wheel, pedals, and controls is concerned. However, it is 
as yet considered impracticable, because of cost considera 
tions, to provide adjustments for cushion height, fore-and 
aft-depth, seat-back angle or seat contours to suit indi- 
vidual requirements. In short, we have the rather com 
plicated problem of pleasing the public with a single 
cushion and back specification. 

In order to design a seat for the average individual it 





m Fig. 18 — Proper 
transition of cushion 
contours under aver- 
age passenger load 








is necessary that we know something about his physical 
dimensions. Our best approach to this problem is the 
study of averages. 

From an analysis of the measurements of approximately 
40,000 individuals we obtained averages from which we 
have constructed a master figure — Mr. John Public — Fig. 
16. These dimensions are valuable for establishing certain 
minimum dimensions and in considering proper loaded 
contours. 

The Committee on Postural Seating of the National 
Chiropractors Association has made a detailed study of 
the factors causing passenger fatigue. The object of this 
research was to aid in obtaining maximum comfort by 
determining the best average values for cushion height 
above the floor, cushion angle or rake, angle between 
cushion and seat back, seat-back contour, and so on. 

Fig. 17 summarizes one portion of these findings. Un 
fortunately these findings are reported in terms of the 
free contour, and it is hardly necessary to point out that 
the important relationship is that between the passenger 
and cushion in the loaded position. Further valuable in 
formation as to proper loaded contours was reported by 
Tea!. Fig. 18 shows the general character of the loaded 


1See SAE Journal, Vol. 43, July, 1938, pp. 26-29: “Automobile Seat 
Cushions ard Riding Comfort,” by Clark A. Tea 
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a Fig. 20 (below) — Anal- 
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contour in comparison with the free contour. Additional 
study is being given this problem, which will undoubtedly 
be reported in detail in the near future. Important in this 
connection, in addition to the actual loaded contour de- 
sired, are such factors as the unit pressure limits between 
passenger and seat cushion and the proper distribution of 
the support over the contact area. 

Fig. 19 is an analysis of current practice for 1940 models, 
showing the rather substantial variation in what is con- 
sidered satisfactory as front-seat leg room. The dimension 
from the seat back to the toeboard is shown along the 
horizontal axis and the number of cars employing the 
various values is shown as a vertical graph. It will be 
seen that there is no very exact agreement as to what con- 
stitutes satisfactory leg room, current cars varying from 
39’) to 44 in. However, the largest majority of models 
are concentrated in the range from 42 to 43 in. 

Similarly, we have plotted Fig. 20—the rg4o data for 
front cushion depth. It will be seen here that most cars 
are being held within the range of 18 to 18% in. 

Fig. 21, in similar manner, shows the current practice 
as to rear-seat leg room. Here, as might be expected, the 
variation is quite large. While five models employ leg 
room as low as 38), in.; seven have a dimension of 40 in.; 
six a dimension of 41¥, in. 

Fig. 22 similarly shows the current practice as to rear 
seat cushion depth. It may be noted that the greatest 
number of cars employ a dimension of 181% in., although 
there are a substantial number with a rear-seat cushion 
depth of 20 in. 

These charts are presented primarily to indicate the 
lack of uniformity among the various makes and models 
of cars and as an indication of the lack of agreement 
among designers as what best suits Mr. John Public. Even 
though we make allowances for the wide variation of car 
models and body sizes, it may be seen that some action 
could well be taken toward establishing standards for 
certain seating dimensions in the interest of minimizing 
passenger fatigue 


w Dynamic Problems 


So far we have discussed only the static phases of the 
seat-cushion problem. Aside from the “showroom ride,” 
this is of relatively little importance. Primary emphasis 
should, as previously indicated, center on the dynamic 


July, 1940 


(Courtesy Motor, 
October, 1939, issue) 
NO OF 
CARS 

Po) ————a 






























































~ newt Han Boss 





WWle Ye (8 Yo te Ya We 7 is te 


O/MENSION — FRONT £06E OF CUSHION TO SEAT BACK, /n. 





phase ot cushion design and the relationship of cushion 
to car suspension characteristics. 

One of the requirements of good cushion design is that 
of having the seat back such that it can move slightly 
with the passenger as the passenger floats on the cushion. 
This should occur for a limited movement only. Contact 
between the passenger and the seat back, however, is one 
of the ways in which we now damp the movement of the 
passenger on the cushion. A certain amount of free move- 
ment in the back, permitting it to follow the passenger 
vertically, is desirable. Limiting this movement, thereby 
obtaining damping of the passenger with respect to the 
seat proper, also is quite essential. More attention should 
be given to determining the proper degree of “float” 
which is desirable in the seat back. In addition to the 
damping obtained in this manner, we also obtain important 
damping from cushion springs, padding, and envelope. 

Fig. 23 shows the construction of a machine designed 
to permit determination of frequency and damping char- 
acteristics of cushion spring assemblies for any given value 
of passenger weight. 

A typical record obtained by the use of this machine 
is shown in Fig. 24. 


By knowing the speed of the rotating drum, the natural 
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damping values for any cushion combination also can be 
obtained with this equipment, and various cushion con- 
structions can be compared by a study of the loss in am- 
plitude per cycle. As might be anticipated, the cushion 
spring frequency varies with the amplitude of movement. 
For our frequency comparisons we arbitrarily used a 150- 
lb “passenger.” We have found interest, because of its re- 
lationship to certain ride characteristics, in the “rebound 
ratio” obtained from the first oscillation, dimension Y 
divided by dimension X. This rebound ratio seems to be 
especially significant as a laboratory index which follows 
certain road observations. From these oscillation curves we 
are able to obtain information as to the influence of the 
various cushion elements on frequency, damping, and re 
bound ratio. 

Fig. 25 shows a machine used for determining the load 
deflection characteristic of the cushion spring only or of 
the cushion assembly. Note that a shaped seat is used 
with the object of simulating actual passenger contour 
conditions. Fig. 26 shows a typical cushion load deflection. 
As this is not a straight-line function, it is customary to 
refer to the load required to deflect the cushion 3% in. 
Note the effect of cushion pad and trim envelope upon 
the load deflection characteristics of the spring. 

The lower curve shows the spring assembly only, and 
it may be noted that the effect of the addition of the pad 
protector in this case was practically negligible, but that 
the load-deflection curve was altered substantially when 
the cushion was trimmed completely. 

The curves obtained for the trimmed cushion as com 
pared with those of the spring only show considerable 
variation depending on trim style, the elasticity of the 
trim cloth used, and the initial tension of the envelope. 

Fig. 27 shows the damping effect of the pad and enve 
lope on the spring assembly. The long-dash curve shows 
the spring only. The short dash curve denotes the spring 
and pad protector and the solid line, the completely 
trimmed cushion assembly. Note from this curve the 
effect of the cushion pad and trim envelope upon both the 
frequency and damping values. 

Table 1 shows typical test results obtained with these 
machines on several different types of cushion assemblies. 


Cushion 4 is a combination type coil spring having 
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three rows of springs burlap-wrapped and using a regular 
cotton pad. It is typical of the construction used in the 
medium-priced range. In actual service this cushion has 
given a very satisfactory ride result when used in a car 
having a front ride frequency of approximately 64 oscil- 
lations per min and a rear ride frequency of approximately 
78 oscillations per min, frequency taken without pas- 
sengers. Note the rebound ratio of 69%. 

Cushion B is substantially the same as cushion 4 except 
that it is of the full-burlap type of spring having all springs 
wrapped. The frequency of this cushion was 163 oscil 
lations per min. The rebound ratio was substantially the 
same at 68%. This cushion also gave a satisfactory ride 
result at substantially the same car frequencies, even 
though its frequency was higher. 

Cushion C consisted of a full-burlap type spring 
equipped with a 1 11/16-in. foam-rubber pad. Note that 
the frequency of this cushion was lower — 134 oscilla 
tions per min. Also, note that the rebound ratio was high, 
being 80%. This particular cushion did not give as satis 
factory a ride result as either springs 4 or B, although 
it was a softer cushion and showed a lower frequency. 
The rebound ratio was high, showing the increased liveli- 
ness of this cushion. Road observation clearly indicated 
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Table | — Typical Test Results Obtained on Various Types 
of Seat-Cushion Assemblies 


Spring Load at Frequency, Rebound 
Cushion Type Pad 3'/. in., lb. O.P.M. Ratio, % 
A Combi- Cotton 143 148 69 
nation 
B Full Cotton 173 163 68 
Burlap 
Cc Full Foam 159 134 80 
Burlap Rubber, 
1 11/t6in. 
D Full Foam 154 146 73 
Burlap Rubber, 
1 1t/t6in. 
E Full 2'/4-in. 137 133 63 
Marshall Foam 
Rubber 
Plus Down 
Pillows 








m Fig. 23 — Machine for determining frequency and damping char- 
acteristics of cushion-spring assemblies for any given value of 
passenger weight 


Courtesy F. L. Jacobs C 
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minor road irregularities to be reflected into the cushion 
with a distinctly fatiguing effect upon passengers during 
even relatively short ride periods. This is a typical case, 
previously referred to, of a cushion which gave a very 
satisfactory “showroom” softness and yet which was dis 
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m Fig. 24—Cushion frequency curve —Typical record obtained by 
the use of the machine illustrated in Fig. 23 


tinctly unpleasant under dynamic conditions encountered 
on the road. Investigation revealed that the higher re- 
bound ratio was directly chargeable to the use of the foam- 
rubber pad; that the rubber pad was more lively than the 
cotton pads used on cushions A and B. It also was 
thought that possibly the lower frequency might have had 
some detrimental influence, but further experience indi- 
cated that this was not the case. 

Cushion D was of similar construction to cushion C, 
being a full-burlap type spring, but had a different method 
of trim and was fitted with a rubber pad of the same 
density as cushion C. This cushion showed a frequency 
of 146 oscillations per min, nearly equal to cushion 4, 
and a rebound ratio of 73%. When road tested this cush- 
ion was considered slightly superior to cushion C, yet dis- 
tinctly inferior to cushions 4 and B. In this instance the 
rebound ratio for D was less than for cushion C, apparently 
due to the difference in the method of trim used. 

From a comparison of cushions 4, B, C, and D, both on 
the test machine and on the road, neglecting for the mo- 
ment the effect of frequency, we arrived at the conclusion 
that the rebound ratios were of paramount importance to 
the road result. Cushions 4 and B were distinctly harder 
“showroom” cushions than C or D, which were equipped 


with the foam-rubber pads. 4A and D were substantially 








equivalent as to frequency, yet D was distinctly more lively, 
more jiggly and less comfortable on the road. 

Road comparisons also indicated the desirability of main- 
taining a high damping value and a low rebound ratio. 
Tests also showed that rubber pads provided lower damp- 
ing than ordinary cotton pads, and that rubber pads were 
more lively and had a higher rebound ratio than cotton 
pads. 

Cushion E may be noted to have a frequency of 133 
oscillations per min, about the same as C and a low re- 
bound ratio of 63%. This cushion gave the finest road 
result of any that we had tried. It consisted of a full 
Marshall type spring, a 2%4-in. rubber pad topped by a 
down pillow, rubber pad and down pillow being built 
integral. This obviously was a very expensive construc- 
tion; however, the conclusions drawn from the comparison 
of the test-machine results and the road results are inter- 
esting as proving the conclusions previously drawn from 
cushions A, B, C, and D. Cushion E is being used regu- 
larly in production on cars having the same chassis sus- 
pensions, spring rates, ride calibration; and so on, as cars 
equipped with cushions C and D. 

Ride frequencies for the cars using all five types of cush- 
ions are substantially the same. Cars equipped with cush- 
ion E were considered to have unusually fine riding char- 
acteristics. The same cars equipped with cushions C and 
D were considered less satisfactory than cars equipped 
with cushions 4 and B. 

As further evidence of the importance of damping values 
and rebound ratios, it should be reported that, while pur- 
chasers were enthusiastic about the rides of 4, B, and E, 
they were by contrast disappointed and critical of the rides 
on cars equipped with C and D, which cars were identical 
with the cars using cushion EF. 

Table 2 is presented to show some additional data of a 
similar nature obtained on other types of construction. 

Cushion F, shown again for reference purposes, was 
very similar to the previous cushions C and D shown in 
Table 1, except that it employed a rubber pad of different 
density. 
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m Fig. 25- Machine used for determining the load deflection char- 
acteristics of the cushion spring only or of the cushion assembly 
(Courtesy F. L. Jacobs Co.) 





Table 2 — Test Results Obtained on Additional Types of 
Seat-Cushion Assemblies 


Spring Load at Frequency, Rebound 
Cushion Type Pad 3'/. in., lb. O.P.M. Ratio, % 
F Full Foam 143 141 72 
Burlap Rubber, 
1 11/16 in. 
G Full Foam 127 129 90 
Burlap Rubber 
H Full Foam Rubber 171 156 88 
Flexible Fabric 
Base 
| Pneumatic Cushion 159 93 





Cushion F gave a slightly better road result than D, and 
you may note that it had a slightly lower rebound ratio 
of 72%. 

Cushion G was also equipped with a foam-rubber pad 
and showed a very high rebound ratio. 

Cushion H was a springless design with a full foam 
rubber pad mounted on a flexible semi-elastic base. This 
type is shown, not because it was considered to be a satis- 
factory cushion, but rather to show the high rebound ratio 
and consequent low damping resulting from this com 
bination. 

Cushion / was a typical pneumatic type, having a still 
higher rebound ratio and consequently lower damping. 


m Cushion Spring Frequency 


So tar we have said relatively little about the relation 
ship of car suspension frequency and the frequency of the 
passenger on the seat cushion. This is a subject which 
should have further investigation. 

Road experience has shown that an ideal ride condition 
is obtainable when the frequency of the passenger on the 
cushion can be made so that it is substantially the same as 
the normal car “bounce” frequency. Some of the finest 
rides which we have had experimentally have been ob 
tained where this condition occurred. When the fre 
quency of the passenger on the cushion is approximately 
equal to the car ride frequency a condition of out of phase 
relationship is normally obtained which has the effect of 
permitting the passenger to ride with very little vertical 
acceleration even though the vertical amplitude of the car 
body is of substantial magnitude. This, of course, is a 
difficult condition to obtain because of the tremendous 
variation in passenger weights which must be accommo 
dated. We have obtained this result experimentally, and 
the net effect to the passenger is simply the feeling that 
the steering wheel is moving slightly in the hands, but 
without giving the passenger any sensation of the irregu 
larity of the road surface. We have not as yet investigated 
this frequency relationship to the extent of knowing 
within what limits these relative frequencies should be held. 
We have only the report*to make that, when this condi- 
tion can be obtained, it provides the most pleasant type of 
ride sensation which we have thus far experienced. 

In order to accommodate variation in passenger weight, 
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it may be necessary to employ some form of variable-rate 
cushion springs. We have in mind the potential possibility 
of the leaf-type cushion spring in this connection. A cer- 
tain limited amount of compensation for variation in pas- 
senger weight, of course, is obtained normally with the 
conventional coil spring. The heavier passenger automat- 
ically sinks farther into the cushion and, therefore, auto- 
matically brings more coil springs into action than are 
normally used by the lighter passenger. It is possible that 
we may subsequently find advantage in a means for elas- 
tically suspending the seat assembly as a whole with respect 
to the car body. This arrangement has been accomplished 
partially in certain truck applications, and it is not beyond 
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m Fig. 26—Typical load-deflection curve for trimmed seat cushion, 
spring and pad protector, and spring assembly alone 


the realm of possibility that the problem could be ap 
proached from this direction. 

The entire subject of passenger frequency on the cushion 
in relation to car ride frequency should have, and un- 
doubtedly will be given, further active study. 

In the foregoing discussion we have pointed out some 
of the factors in cushion design which directly affect the 
ride result. As we view the situation, cushion design 
has never been accorded proper consideration in the ride 
picture. In general, until recently, cushions have been 
accepted as belonging to the trimmer’s art. Chassis en- 
gineers who have been primarily responsible for ride 
development have not understood cushions. Trim engi- 
neers responsible for cushions have not understood ride. 
The thinking in these two departments has not been cor- 
related adequately. There has been very little tie, if any, 
between the supplier of cushion springs and the ride test 
group. As a result, the limited engineering on cushion 
designs has been largely of the “fit-and-try” variety. Most 
of the cushion “engineering” was done in the trim shop 
and concerned itself with static relationships only. In 
too many cases the final “engineering” of cushions was 
made a matter for sales-department selection. If they had 
attractive appearance, provided a soft “showroom” im- 
pression, did not bottom through when a heavy passenger 
was seated, and were free from wrinkling and squeaks, 
the trim engineer had done a good job. No one was 
much concerned about the road result and such details 
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as passenger fatigue. If the field complained that cushions 
were too hard, springs were made lighter and softer. If 
reports of cushions bottoming through were received, 
spring wire was stepped up a gage. No one was other- 
wise interested in spring rates. If sales wanted new trim 
cloths they selected something which looked good and if 
the laboratory passed it for wear, fade, wool percentage, 
water spotting, and so on, it was built into cars. Little 
attention was given to the cloth’s elastic properties which 
might completely change the ride result obtained. No 
one would expect to select car suspension spring rates 
or shock absorber valve calibration by shaking the rear 
end of the car in the garage, yet cushion spring rates, 
trim style and fabric, pad materials contours, and so on, 
generally were arrived at without benefit of road-test 
experience. 

Actually cushion design is a rather involved scientific 
problem and should be approached from a scientific point 
of view. Cushion design details should be recognized as 
having important bearing on the riding comfort or fatigue 
of passengers. Cushion studies should be made an integral 
part of the ride development problem. Laboratory studies 
should be correlated with road ride observations. Fatigue 
characteristics of various cushion designs — contours, and 
so on—should be considered. Cushion characteristics 
should be brought into harmony with the chassis ride 
characteristics. We should accept the cushion design as 
a dynamic problem rather than a static one and develop 
it in an appropriate manner. 

In closing we should like to have it understood that 
this paper is not intended as an exhaustive presentation 
of the problem. Rather we have tried to point out some 
of the ways in which cushions are related to and have 
an important effect on riding comfort, and to show some 
of the directions in which further ride improvements may 
be attained. 

We would like to acknowledge the assistance received 
from the spring suppliers and various automobile manu- 
facturers who furnished some of the information necessary 
to prepare this paper. 
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m Fig. 27 - Compound frequency curve, showing the damping effect 
of the pad and envelope 
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a Fig. |—-White Horse commercial engine developing 45 hp - 
Franklin Model 4CHO-150 


m Fig. 2—Light plane engine developing 50 hp —Franklin Model 
4AC-150 


Economic Aspects of 


ROM the ttle of this paper one would believe that 
we would deal with the possible sales outlets and sales 


potential of the light airplane engines. Consequently, 


it might be better to give this paper the title: “Coordination 
of Light Aircraft and Commercial Engine Design . . 
its Effect on Manufacturing Cost.” 

When speaking of light plane engines we, in our organt- 
zation, normally refer to those engines with an output of 
less than 100 hp, feeling that, when the power goes above 
this figure, it is getting into another class. However, we 
feel that 1oo-hp engines can furnish the power to give 
satisfactory performance in an airplane carrying not more 
than four passengers. 


. and 


It is well understood that the engine cost represents a 
large proportion of the cost of building an airplane. Con- 
sequently, the airplane maker places more and more of the 
responsibility of lowering the selling price of the airplane 
on the engine maker. In answer to this challenge we feel 
that the three light plane engine makers, which have built 
the greatest number of engines in the past year, have more 
than done their part in reducing the cost of the light 
airplane. We refer to the Continental Motors Co., the 
Lycoming Engine Division of Aviation Mfg. Corp., and 
Aircooled Motors Corp. 

Late in 1937 it was decided by our organization to man- 
ufacture engines for both the light airplane field and for 
the smaller type of commercial motor vehicles. Therefore, 
after a great deal of study of the different types of design, 
it was concluded that a 4-cyl, horizontally opposed engine 
offered the greatest number of advantages from a cost and 
[This paper was presented at the National Aeronautic Meeting of 
the Society, Washington, D. C., March 14, 1940.] 
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LIGHT AIRPLANE 





hes paper discusses the parallel design and de- 
velopment werk of two air-cooled engines with 
widely different applications, although the basic de- 
sign of both engines is quite similar. Instead of fol- 
lowing the usual aircraft practice in any detail, the 
author points out the advisability of using automotive 
practice and thus bringing about a simplicity in 
design which is impossible when following the normal 
aircraft practice. 


The cylinder design of the two engines is discussed 
and points of similarity shown. 


A description is given of an 80-hp, 176 cu in. air- 
craft engine, and the reasons why the design for this 











performance standpoint. For the application of the hori 
zontally opposed engine for the light airplane it was 
decided that an output of 50 hp at 


S deri =a 


2575 rpm was desirable 
and, for commercial work, one of 45 hp at 2500 rpm was 
selected. The designs of engines for the commercial as 
well as the aviation adaptations were carried on simultane 
ously. Shortly it became evident that both engines could 
be built with the same piston displacement. It was then 
decided to use 3%-in. bore and 3%-in. stroke for both 
engines. See Figs. 1 and 2. 

As these parallel designs progressed, it became apparent 
that the engines could be kept remarkably similar in de 
sign, keeping in mind that the aviation engine should be 
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a Fig. 3- Cylinder assembly - White Horse commercial engine 
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particular engine was selected over five other types 
which were designed, are given. 


It is pointed out that the use of large-production 
automotive equipment such as starters and gener- 
ators in light plane engines effects economies which 
can never be expected by using the more specialized 
apparatus which is available for airplane engines 
only. 


The author claims that the recent increase in the 
sale of the light airplane results, to a large extent, 
from the efforts made by the engine builders to bring 
about production economies and thus decrease the 
cost of the powerplant. 











as light as possible, consistent with a reasonably low cost, 
and that the commercial engine should be as low in cost 
as possible without affecting the power output or the 
general operation. 

The similarity of parts made it possible for our Tool and 
Operation Department to design the production fixtures so 
that the majority of the parts could go through the same 
fixtures—for example, the aluminum crankcase on the 
aircraft and the cast-iron crankcase for the commercial 
engine will be found one behind the other on our machin 
ing line. 

For use in the light planes it was first thought advisable 
to use a downdraft carburetor, thus allowing for the use 
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an Fig. 4—Cylinder assembly — Light plane engine 


by CARL T. DOMAN 


Aircooled Motors Corp. 


of identical cylinders on both the aircraft and commercial 
engines. However, a survey of the carburetor field indi- 
cated that a satisfactory carburetor was not being manu- 
factured as a regular production item. Furthermore, the 
use of a downdraft carburetor necessitated a fuel pump, 
plus a hand-operated auxiliary pump for aircraft applica- 
tion. The plane makers were opposed to this arrangement 
due to the added complication and cost. It was decided, 
therefore, to use a conventional updraft aircraft carburetor 
with the intake manifold distributing zone case in the 
crankcase and within the level of the oil sump. On the 
commercial engine, however, it was found necessary to use 
the downdraft carburetor due to the fact that it was not 
practical to mount a carburetor underneath the engine. 
This condition necessitated running two different kinds of 
cylinders through our plant. 

For the aircraft engine it was decided to use a unit 
cylinder — that is, with the cylinder barrel and cylinder 
head cast together, and into which is shrunk a cast-iron 
liner. For the commercial engine, because of the need for 
keeping costs to a minimum, it was decided to use an 
aluminum cylinder head with the minimum amount of 
aluminum, and screw and shrink into it a cast iron cyl 
inder barrel, which method of assembly has decided 
advantages. See Fig. 3. 

The all-aluminum cylinder used on the aircraft engine 
in a casting weighs approximately 12 lb and machined 
weighs 10.5 lb. See Fig. 4. This cylinder normally would 
be quite a tricky foundry proposition. However, the use 
of proper risers within the valve case has eliminated any 
foundry difficulties. These risers are cut out in the machin- 
ing operations. In the machining of the cylinder, extra 
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care must be taken to see that it does not become at all 
heated; otherwise it is impossible to hold the bore straight 
and round. However, by the use of a proper coolant, this 
problem has been eliminated. 

The combustion chamber is machined completely, so 
also is the recess around the valve seat. We find that it is 
possible to hold the compression ratio very close by machin- 
ing. When an attempt was made to cast the chamber to 
size to eliminate the machine work, we ran into a variation 
of 0.5 in the compression ratio. Furthermore, completely 
machining the combustion chamber results in practically 
no increase in cost. 

To our surprise we found that an ordinary iron liner 
with a small percentage of chrome and nickel worked out 
much better than a more expensive liner having an austen- 
itic structure, or one which we thought would result in 
the liner expanding the same amount as the cylinder itself. 
We had reasoned that the aluminum cylinder would neces 
sitate the use of a liner with approximately the same 
coeficient of expansion. However, our tests have shown 
that when the iron liner, which is only 3/64 in. thick, is 
shrunk in place with approximately 0.012 in. shrink, it 
expands practically the same amount as the aluminum 
which surrounds it. It is possible, if desired, to fit pistons 
to this engine with 0.001 in. clearance, or even a size-to-size 
fit, without scoring. 

In assembling the liner to the valve seats and valve 
guides in the machined cylinder casting, the cylinder is 
heated to approximately 600 F and then the liner and 
valve guides and seats are simply dropped in place. It has 
been found that it requires less than a minute to install the 
two guides, the two seats, and the liner. In other words, 
the cylinder temperature is high enough so that the normal 
drop will not interfere with the assembly or shrink fitting 
of the previously mentioned parts. 


m Cylinder Construction Unusual 


The cylinder construction used in the commercial engine 
is quite unusual in that it incorporates a cast-iron barrel 
screwed and shrunk into an aluminum-alloy head. The 
cylinder is machined completely before the assembly oper- 
ation. The threads in both head and barrel are indexed so 
that the two parts, when screwed together, will form a 
seal joint with the flange in definite relation to the cylinder 
ports. A copper asbestos gasket between the head and the 
barrel, compressed to a predetermined thickness, brings 
about a triple seal against loss of compression pressures - 
that is, the use of the shrink on the land above the threads, 
the shrink on the land below the threads and the gasket 
itself. It is possible to remove the cylinder from the head 
by heating the unit to 600 F. 

Even though the cylinders are quite different in design 
in the airplane and commercial engines, many of the parts 
which make up the assembly of both are the same. I refer 
to the valves, valve seats, valve guides, valve rocker arms, 
and valve push rods. The valve springs are entirely different 
in design, inasmuch as cadmium-plated dual valve springs 
are used on the aircraft engine and single springs with 
shimmy dampers are used on the commercial engine. 

The connecting rods are identical for both engines. Both 
engines use SAE 1035 carbon steel connecting rods. It was 
intended originally to use SAE 3140 in the aircraft engine. 
However, in order to simplify the processing, it was 
decided to use connecting rods with a slightly heavier 
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section in both and of carbon steel, thus resulting in 
manufacturing economies. 

The crankshaft could not be made identical for both 
engines, although an attempt was made to use the same 
design for both, with the idea of bolting on a stub shaft 
for mounting the propeller. This arrangement was decided 
to be impractical. Yet, basically both shafts are close 
enough in design to go through the same machining 





= Fig. 5- Crankshafts — For White Horse commercial engine (top) 
and for light plane engine (bottom) 


fixtures. The chief difference in the machining of the 
shafts is the longer bearing at the propeller end in the 
aircraft engine. The aircraft shaft uses 3140 steel, while 
the commercial engine uses carbon steel with Tocco 
hardened crankpins and main bearing journals. See Figs. 
5 and 6. 

Identical bearings are used in both engines except for 
the thrust bearing of the aircraft engine which must be 
larger to take the load of the propeller. However, as just 
mentioned, the other bearings are the same — that is, the 
connecting-rod bearings (big end and small end), the 
center and timing-gear case end bearings are the same, the 
rocker bushings are the same, and the camshaft bearings 
are practically the same except for a slight change in the 
oil grooves and the length of the bearing. However, the 
same tools are used for boring the camshaft bearings in 
both engines. 

The oil pump designs are identical as to dimensions but, 
in the aircraft engine, the oil-pump housing is of aluminum 
and the gears are duralumin, whereas the commercial 
engine uses a cast-iron oil pump body and cast-iron gears. 
The pumps, however, are run through production in the 
same fixtures. 

Both engines use carbon-steel camshafts which are iden- 
tical except that the cams are reversed in position due to 
the fact that the aircraft engine has the intake valves on 
the bottom and exhaust on top, whereas in the commercial 
engine, the valves are reversed. However, the lift curve of 
each valve and the timing are the same for both engines. 

The same type and make of spark plug generally is used 
in both engines — that is, a porcelain spark plug manufac- 
tured by one of the larger spark-plug companies. However, 
when the commercial engine is used for light delivery service 
where there are frequent starts and stops, it is advantageous 
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to use a warmer spark plug, in order to eliminate fouling. 
For high-speed, day-in and day-out performance, the same 
spark plug works perfectly in both the aircraft and com- 
mercial engines. Incidentally, I might mention the fact 
that we have found these same plugs entirely satisfactory, 
even though we have increased the bmep to 145 |b per 
sq in. It has been our experience that it is possible to run 
these automotive plugs for 100 hr at full throttle without 
any adjustment. We think that this speaks well for the 
spark plug as well as for the cooling of the cylinder. 

One innovation which has been developed by my com- 
pany and found to be most satisfactory is the use of 
composition camshaft timing gears instead of the usual 
steel gears. The identical gear is used in the aircraft engine 
as is used in the commercial design. The selection of these 
gears was based on the fact that we needed a gear that 
would be light, quiet and, at the same time, low in cost. 
We repeatedly are receiving field reports where these gears 
have run some 1500 to 2000 hr in the aircraft field without 
any trouble whatever and also have been used in the com 
mercial engine for as many as 50,000 miles with the report 
that there have been no failures or need for replacement 
because of wear. In fact they appear to improve with use. 

Both engines use Wilcox-Rich hydraulic valve lifters. 
The valve lifters are identical in design and were used for 





two important reasons: first, it is possible to design a 
camshatt knowing definitely that the timing or vents in 
the valve would occur as designed and thus increase all- 
around efficiency; and second, it eliminates objectionable 
valve noise without the necessity of using tricky methods 
for mounting the valve mechanism in order to obtain 
reasonable compensation of valve clearances for a wide 
range of cylinder temperatures. Our experience with these 
hydraulic lifters has been satisfactory in both the aircraft 
and commercial engines. Once the operator learns to leave 
them alone and does not attempt to make any adjustments, 
the: lifters will function without difficulty with quite a 
broad range of initial valve clearances before oil enters the 
lifters. 

Mention was made previously that the same valves and 
valve seats are used in both engines. For the intake valve 
an ordinary 3140 steel is used, whereas the exhaust valve 
is a two-piece welded-stem valve, and the head is 
nickel and 12% chrome. 
which incorporates 14% 


21% 
All valve seats are Ni-Resist, 
nickel and 2% chrome. Our 
company has used these seats in the heavy-duty air-cooled 
engines since 1933 with excellent results. They were 
specified originally in large commercial engines because of 
the fact that the coefficient of expansion is approximately 
that of aluminum and, at the same time, they have remark- 
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m Fig. 6— Parts common to both 150 cu in. commercial and light aircraft engines 
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= Fig. 8-80-hp Franklin 4-cyl opposed aircraft engine — Model 
4AC-176 


able properties for standing up under high exhaust-gas 
temperatures and highly leaded fuels. The valve rockers 
are identical for both engines and are of 1035 carbon steel. 
The longer rocker arm in both engines is drilled to bring 
lubrication to the stem and bushings. It has been found 
that, with the hydraulic lifters, it is essential that oil be 
brought under pressure to the valve rocker bushing; other- 
wise, freezing will result. This condition is probably due 
to the fact that, with zero clearance at all times at the 
valve stem, there would be no chance for the oil to get 
between the rocker pin and rocker bushing. 


@ Piston Designs Differ 


As far as piston design is concerned, here the engines are 
radically different. In the aircraft engine we use small 
trunk-type pistons with two compression rings and one oil 
ring above the pin, while in the commercial engine we use 
cast-iron pistons with two compression rings and one oil 
ring above the pin and one oil ring below the pin. In the 
aircraft engine we can allow a little slap, fitting the pistons 
with 0.008 in. clearance. The commercial engine can have 
absolutely no slap. The aircraft engine uses a 6.6:1 com 
pression ratio, whereas the commercial engine uses 5.5:1 
compression ratio. Both engines are designed to operate 
with the same fuel — 70 octane number. 

In the assembly of the two engines, two different lines 
are used, although they are parallel in the assembly divi- 
sion. We have found that, with the different types of 
accessories that go on these engines, it would be impossible 
to put them through the same line. Because the engines 
are so similar in general construction, it is possible, how- 
ever, to use the same workmen on either line without 
lowering the efficiency of the assembly operation. It might 
be argued that more careful workmanship is needed on 
aircraft than on commercial work. This contention we do 
not find true, as we are running just as close tolerances on 
the commercial engine as we are on the aircraft type. 

For testing, an entirely different method of procedure is 
used. The aircraft engine is tested on a stand, permitting 
the use of a test club, while our commercial engines are 
run in and tested on electric dynamometers. We feel, 
however, that, some time in the future as production 
increases, it will be impossible to continue to test the air- 
craft engines on the test stands. The increased volume 
will warrant investiny in dynamometers and blower sys 





tems so that the aircrait engines are tested as are the 
commercial engines. We are confident that, through this 
method, we not only will save ume in testing, but also 
that dynamometer testing will result in an improved prod 
uct, because it is possible to make slight variations in load 
through the dynamometer controls — a condition which is 
impossible when using a fixed test club. 

One point which we perhaps have failed to stress in this 
paper is that, by designing two engines, even though they 
are used in entirely different fields, it is possible to show 
a marked decrease 1n material costs as well as in machining 
costs. It is possible, for instance, for the Purchasing De 
partment to buy in much iarger quantities and thus pass on 
the savings to the lower-volume model. At the same time it 
also reduces problems of manufacture because of the fewer 
number of parts that it is necessary to handle. It also 
permits the workmen to be trained in a general design and 
results in a decided saving in inspection equipment, as both 
engines are designed with the same size parts and toler 
ances wherever possible, even though the materials might 
be different for each engine. 

No doubt many who have followed this discussion have 
the feeling that the power output obtained from these little 
engines is so small that they would not be of much interest 
to those dealing with the much larger powerplants. How 
ever, the power which we are obtaining from these engines 


™ A-4AC-/50 with 70:/ compression ratio,| — | 
a special camshaf?, large carburetor | 
B- 4AC-/50 with 6.6: / compression ratio 
65 C - 4CHO-/50 Commercial engine with 
5.5:1 compression ratio | 
Fuel used -73 ocheor | 













2) 
oO 














i. 
9) 
= 
i?) 
Qa 
® 
” 
‘= 
° 
om x 
8] 
zz 
S : 
= 
co 
45+ +++} 
| 
}#—_____+—___—_ aE ea ae —-+ + + + 
| | 
40 Lae ee SS aS fennel 
("a = oe oe ee ee Se 
| | | 
35 | 








2100 2200 2300 2400 2500 2600 2700 
Revolutions per minute 


m Fig. 7—Performance of commercial and light aircraft engines 
with various compression ratios, camshafts, and carburetors 


at the present.time is reasonably good. For instance, the 
present production Franklin 4AC-150 engine develops 50 
hp plus at 2300 rpm, and the commercial engine develops 
45 hp at 2500 rpm. However, it is possible, by a slight 
change in the camshaft design and compression ratio to 
obtain from the aircraft engine 60 hp at 2350 rpm at a 
bmep of 135 lb per sq in., and use a fuel of not more than 
73 octane number. See Fig. 7. The same output can be 
obtained from the commercial engine, provided a larger 
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carburetor, manifold, and so on, are used. The difference 
in operating requirements dictates the carburetion and 
induction-system differences. 

After having the foregoing two engines in production 
for approximately 18 months, it was apparent that there was 
a decided need for a light airplane engine having more 
power. The light airplane industry is following the course 
of the automobile, that is, there seems to be no end to the 
demands for greater performance. A survey of the field 
indicated the need for an 80-hp engine. Consequently, six 
different and distinct engines were designed and studied 
with the idea of deciding which one would work into our 
scheme of manufacture most advantageously. I refer to the 
following table showing the general specifications of thes¢ 
various engines: 

80-Hp Engine Study 
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m Fig. 9— Performance of 80-hp aircraft engine —- Model 4AC-176 


You will note that we gave consideration to engines ot 
It finally was decided to 
build the engine designated as F, that is the 176 cu in., 
4-cyl opposed engine. This decision was based on the fol- 
lowing observations: 


trom four to eight cylinders. 


Engine A was eliminated because the displacement of 
each cylinder was greater than we had believed would be 
satisfactory from the standpoint of freedom of vibration. 
The engine was too wide and the weight, too high. 

Engine B was eliminated due to the fact that, even 
though the engine would be a very fine performer, we felt 
the added complications of the inverted engine and sepa- 
rate oil tanks, oil pumps, and so on, would not fit into the 
scheme of low-cost light airplane engines. Furthermore, 
the weight was even greater than the 4-cyl opposed 241 
cu in. engine. 
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Engine C was eliminated because it was too heavy and 
too costly to build, and also because of the added complica- 
tions of the oiling system. 

Engine D was eliminated because the weight was too 
high. The problem of a satisfactory gear train was one 
which would require a great deal of experimental work. 
This was based on our previous experience with geared 


engines. 





m Fig. 10—Franklin Model 4AC-176 aircraft engine showing starter 
and generator assembly 


Engine E was 


eliminated chiefly because we reasoned that the weight 


the horizontally opposed 6-cyl engine 


was too great and, secondly, we could not find where any 
company had ever built one of these engines commercially. 
While the balance characteristics of the engine appeared to 
be very satisfactory, we were afraid that it would require 
a great deal of costly experimental work. 

Engine F was selected finally, as just mentioned, chiefly 
because we had had experience in building 4-cyl opposed 
engines with a piston displacement very near to that 
selected; consequently, we knew most of the manufactur- 
ing problems. In addition, the engine seemed to be the 
lightest in weight for the power output, even though it 
necessitated operating the propeller at a somewhat higher 
speed than most of the other engines which entered into 
this study, although not as high as competitive models. 

The type of engine selected carries on the same basic 
fundamentals used in automotive designs, as those engines 
just discussed (see Fig. 8). This engine, while at the 
present time is for aircraft use alone, has been paralleled 
in study with that of a commercial engine of the same size. 
At a later date we will offer in production this same type 
of engine for commercial use. The change would consist 
chiefly in cutting the crankcase off just rear of the propeller 
and mounting a flywheel housing and flywheel. On the 
other end we would mount a blower and housing for 
cooling the engine. 

The new aircraft engine, which we designated as 
4AC-176, has 4-in. bore, 344-in. stroke, 7:1 compression 
ratio, and weighs 170 lb with dual ignition. A very con- 
servative power output of this engine is 80 hp at 2650 rpm 
and 65 hp at 2170 rpm using 73-octane fuel, as shown in 
Fig. 9. 

Because of the experience gained in the commercial field, 
this engine incorporates the same type of cylinder construc- 
tion as described earlier in this paper for use on the com- 
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mercial engine. In other words, on this new engine we 
use a high-strength alloy iron barrel screwed into an 
aluminum head with the compression pressure sealed in 
three places, as mentioned previously. We find that the 
cylinder construction is only 0.9 lb heavier per cylinder 
than the all-aluminum cylinder with the iron liner or an 
assembly having a steel forged cylinder screwed into an 
aluminum head. The decision to use the cast-iron alloy 
cylinder after building and testing several different types 
was based chiefly on the fact that we wanted to keep the 
amount of aluminum to a minimum and, at the same time, 
to use a cylinder barrel which would operate satisfactorily 
with any automotive type of production piston ring. 

The crankcase design is quite different from that of the 
smaller aviation and commercial engines just described. 
This change in design was made chiefly because it resulted 
in an engine with much broader potential applications in 
that, when making the oil sump separate, the engine could 
be used for future location in the wing or be operated as 
a dry sump engine, and have a broad range of oil-sump 
capacities. 


uw Automotive Equipment Adapted 

Fig. 10 shows the same engine with starting and gen- 
erator equipment adapted. After a survey was made of 
the starters and generator equipment available and the 
costs analyzed, it was apparent that, if the engine was to 
be offered to the airplane manufacturers with starter and 
generator equipment at an attractive price, it would be 
necessary to utilize production automotive equipment. 
Consequently, it was reasoned that, if a light ring gear 
could be mounted on the crankshaft, then an automotive 
starter could be used and an automotive generator gear 
driven off the crankshaft. This equipment uses 6 v on a 
battery weighing approximately 12 lb. The added weight 
of the equipment on the engine is approximately 28 lb over 
that of dual ignition, with an extra 4 lb in the battery over 
that normally used for lighting. Of course, the battery 
capacity is quite limited. However, an operator soon learns 
that, if an engine will not start after a total of 30 sec, there 
is something wrong. Usually, however, one of these 
engines with impulse couplings in the magnetos will fire 
on all cylinders with not over 10 sec of cranking. The 
cranking speed is somewhere around 150 rpm at 10 F, 
where it will draw approximately 160 amp. 

This 80-hp engine continues the use of hydraulic valve 
lifters. However, the lifters themselves are of the barrel 
type which permit their complete removal without dis- 
mantling the engine, which feature offers certain service 
advantages. Our experience indicates that the hydraulic 
valve lifters operate with a minimum of trouble, provided 
the manufacturer takes the necessary precautions in clean- 
ing all the parts of his engine prior to assembly. Further- 
more, all engines manufactured by our company, both for 
aircraft and commercial use, have lubricating oil filtered 
and pumped to each engine by an auxiliary system during 
the running-in period. In other words, every drop of oil, 
after circulating once through the engine, passes through 
two outside filters where all the foreign material is re- 
moved. This filtering system is largely responsible for the 
outstandingly fine condition of the interior of one of these 
engines. At times we wonder if the engine has ever been 
operated, as the bearings, cylinder walls, pistons, crank- 
shaft, and so on, appear just as they did when they were 
installed. 


In conclusion, I might say that, in our opinion, the light 
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plane engine maker has done a remarkable job in offering 
to the airplane makers a reliable, efficient engine at such 
low cost. However, if one analyzes the background of the 
three light plane engine manufacturers who have built the 
greatest number of engines during the last year, it is noted 
immediately that each one also has had many years of 
experience in building automotive engines. Consequently, 
the approach to the design of a light plane engine has 
followed, in many instances, the same course as was fol- 
lowed in their automotive units, that is, the design, the 
manufacture and the testing — 


all resulting in a_ better 
engine for less money. 





Emulsions for Automotive Degreasing 


MULSION degreasing, while a new art, is a develop 

ment that holds the interest of every chemist engaged 
in developing chemicals for the automotive industry. 
Of the many emulsifiers offered on the market today, most 
of them have the very serious objection of having a strong 
odor of either creosote or ammonia. This is really a matter 
that has held the interest of the manufacturing chemist 
since the initial development of these materials. 

With this condition in mind, there has been an emulsi 
fying degreaser produced which contains no creosote or 
ammonia, and which may be used in a closed room with 
out danger from either fumes or odor. This material is a 
true stable emulsion, whose base is an organic acid, com 
bined with a blending or coupling agent in the form of a 
sulphonated aromatic hydrocarbon. The resultant product 
has the appearance of a homogeneous solution when 
brought into contact with water, although I doubt if a 
homogeneous solution is actually produced. The mixing 
of oil and water by these emulsifiers is the most interesting 
and the most valuable result of the entire development. In 
the manufacture of modern emulsions, it is necessary that 
the proportions of the various ingredients be added in 
certain sequence, and _ that 
within 2 F. 

Because it is not possible to produce a stable emulsion 
of two pure liquids when the concentration of the dis 
persed phase is greater than 2%, the production of modern 
degreasing emulsions had to wait for the development of 
the new synthetic emulsifiers. These third parties to the 
chemical union have been the means of forming and hold 
ing water-soluble films around the microscopic drops of 
mineral oils. The stability of these emulsions, or colloidal 
emulsoids, is very poor, and their life is short, regardless of 
the proportions of either phase until a fourth chemical is 
introduced. This fourth material is usually a solvent, 
which has the ability to reduce the interfacial tension be 
tween the dispersed and the dispersing phase or medium. 

Until the last year the use of these emulsions in hard 
water was not possible, as all of the original emulsifiers 
were destroyed by the action of hard or calcium-bearing 
water, upon the introduction of which the emulsion was 
broken and the oil and water separated. 

Today, with our new wetting and emulsifying agents, 
we are able to produce stable emulsions which are not 
changed by water with a hardness test of 150 grains per 
gallon, as expressed in terms of calcium carbonate. 

Excerpts from the paper: “Industrial Cleaning Methods 
and Materials as Related to the Automotive Industry,” by 
Valentine Gephart, presented at the Northwest Section of 
the Society, Seattle, Wash., Sept. 15, 1939. 


temperatures be controlled 
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EXPERIENCE 
Aircraft 


by FRANK C. ALBRIGHT 


Vought-Sikorsky Aircraft, 
Division of United Aircraft Corp. 


ACH manufacturer who has employed the integral 

fuel tank in the design of airplanes undoubtedly has 

arrived at a type of construction and a method of 
sealing the tanks through a development program which 
resulted in much experimental work being done, but very 
little of this work has been made known to the industry. 
This paper deals with the experience encountered by 
Vought-Sikorsky Aircraft in the development of its pres- 
ent type of integral fuel-tank construction. 

It might be well to give a brief description of some of 
the first methods used in sealing the seams of built-in fuel 
tanks and of some of the troubles that were encountered. 
Our first problem, with no previous experience, was on 
the design of integral wing tanks for a large experimen- 
tal boat. Due to time limitations, an extensive develop- 
ment program was not in order, and experience of others 
was used for the most part in determining the type of 
construction to be used. The original tank seams were 
made fuel-tight by the use of 1/16-in. neoprene sheet as- 
sembled with a profuse amount of neoprene cement. The 
neoprene sheet was a fairly soft grade, giving a Shore 
durometer reading of 40 to 50. Each rivet was dipped in 
cement before being inserted in the hole and headed over. 
The result was, what might be termed a “mess”; the ce 
ment dripped from the seams, the tools were covered with 
it; and the workmen emerged from the tanks with none 
too happy an expression on their faces. The cement pro- 
duced a very slippery surface between the neoprene sheet 
and the metal so that a great deal of care was necessary 
in driving up the rivets. If not drawn up sufficiently, the 
joint would leak and, if drawn up too tightly, the neo 


{This paper was presented at the National Aeronautic Meeting of 
the Society, Washington, D. C., March 14, 1940.] 


in Integral 
Fuel-Tank Construction 


prene sheet would squeeze out leaving a cavity around 
the rivet shank. The bucking bar used for the rivets oc- 
casionally slipped from the cement-coated rivet, and it be 
came necessary to knurl the tools to prevent slippage. 
For some of the non-exposed internal construction, such 
as attaching the vertical stiffeners to the web of a beam, 
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= Fig. | — Special rivet, undercut at the base of the head to prevent 
the neoprene sheet washers from slipping from under the rivet 


m Fig. 2—Apparatus for pressure-testing various types of joints, 
rivet sealing, and corner blocks 








bbe: experience of Vought-Sikorsky Aircraft in the 
development of its present type of integral fuel- 
tank construction is related in this paper. 


Tests made on one type of tape in a seal subjected 
to aviation gasoline at pressures up to 100 lb per 
sq in. showed that the tape was not plastic enough 
to fill in small irregularities in the sheet or extrusions 
forming the joint. The tests did show, however, that 
rivets with a washer of this tape inserted under the 
head did not leak. The experience gained in this work 


led to the successful method whereby a uniform thick- 
ness of cement is applied to the tape instead of the 
tank surface. Tests showed that this cement-coated 
tape has the desirable feature of expanding a 
greater amount than any of the materials tested 
when in contact with the gasoline. 


Concluding, the author announces that spotweld- 
ing has been used with success; that one spotwelded 
tank has had three years of trouble-free service; and 
that this method shows cost savings on some tanks. 
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a special rivet was used. This rivet, shown im Fig. 1, had 
a large rounded head, undercut at the base. This under- 
cut was used to prevent the neoprene sheet washers from 
slipping from under the rivet. Corner seals were made 
by means of carefully machined fittings forced into corners 
under which were placed several layers of neoprene sheet 
coated with plenty of cement. One of the most difficult 
tasks was the removal of the excess neoprene cement, and 
this was accomplished most successfully by means of rub- 
ber erasers. This tank of approximately 3000-gal capacity 
has given very little trouble in the past four years and has 
been subjected to some very rough seaplane landings. 
After the construction of this first tank, it was apparent 
that it was highly desirable to eliminate, or at least modify 
in some way, the use of the neoprene cement. Further, the 
use of the heavy 1/16-in. neoprene sheet between faying 
surfaces involved considerable difficulty in closely control- 
ling dimensions. It was also necessary to take account of 
the possibility of reduced rivet strength in the shank due 
to the 1/16-in. offset between faying surfaces. At about 
this time the du Pont Co. introduced the PAW tape for 
use in sealing seams of floats and hulls. This PAW tape 
is made by thoroughly impregnating a sheet of cotton tape 
with the neoprene compound and applying a coat of dry 
adhesive to both surfaces. This dry adhesive, when moist 
ened with kerosene, will adhere to metal, and the tape 
made an excellent reinforcing structure which prevented 
the neoprene from squeezing out from around the rivet. 
This tape idea seemed to be a good one and a reasonable 
one to apply to a gasoline tank joint. However, the ad- 
hesive used on the tape was soluble in gasoline and, 
therefore, the PAW tape was not a satisfactory material. 


mw Test Apparatus Developed 


To assist in arriving at a satisfactory solution to the 
sealing problem, a test apparatus as shown in Fig. 2 was 
made by placing two test specimens on either side of a 
test housing. The specimens were then clamped to this 
housing by two steel rings as shown in Fig. 2. All types 
of joints, rivet sealing, and corner blocks were tested in 
this apparatus. Usually aviation gasoline was used and 
pressures as high as 100 lb per sq in. were applied. It was 
realized, of course, that a pressure as high as this would 
‘never be used in a fuel tank. However, it did give a 
basis for comparing the fuel tightness of different designs 
when they were subjected to distortion as well as to the 
high tension and shear forces in the riveted joints. Most 
samples also were subjected to violent blows by a mallet 
to see if any leaks would occur due to shocks. This test 
apparatus permitted testing numerous specimens at a rea- 
sonable cost. 


m Second Tape Tested 


Tests were first made on the du Pont No. 5005 tape, 
which is very similar to the PAW tape without the dry 
adhesive applied to it. The tests showed that the tape was 
not plastic enough to fill in small irregularities in the sheet 
or extrusions forming the joint and that, once a leak de- 
veloped, there was an insufficient volume of neoprene to 
swell when in contact with the gasoline to close the leak 
effectively. The tests did show, however, that rivets with 
a washer made from this tape and inserted under the head 
did not leak. All types of rivets, as shown in Fig. 3, were 
tested, and no leaks occurred in any of them. Neither did 





the tape tend to squeeze out from under the head in the 
worst possible case where the rivet was used to dimple 
the sheet for a flush rivet as shown at the bottom in Fig. 
3. These first tests solved the problem of rivet leakage and 
demonstrated that special rivets, as well as the application 
of wet neoprene cement to each rivet, were neither neces 
sary nor desirable. 

In order to fill in the irregularities, which the bare No. 
5005 neoprene tape would not do effectively, each metal 
surface of the tank joint was painted with wet neoprene 
cement and allowed to dry for several hours. This drying 
operation later made the parts easy to handle. The 5005 
tape was then installed between the two cemented sur 
faces and riveted as before with the tape washer under 
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a Fig. 3— Various types of rivets showing method of using a washer 
of du Pont No. 5005 tape inserted under the head 


each rivet. A double-row rivet seam always has been used 


with rows spaced approximately % in. and a pitch of % 
in. These tests proved very satisfactory. The cement coat 
ing on the metal surfaces was plastic enough so that it 
flowed only slightly under riveting pressure. One com 
plete tank was fabricated by this method and, during its 
construction, the following objectionable points were 
brought out: that it was difficult to apply a uniform thick 
ness of cement; that there was a time delay in applying 
the cement and permitting it to dry sufficiently to make 
handling possible; that the cement, when sufficiently dry, 
was marred easily by scratching or by collecting dirt; and 
that it was difficult to apply just the correct width strip so 
that no subsequent cleaning of the tank was required. It 
was evident at this time that most of the objectionable fea 


tures could be eliminated by applying the cement directly 
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to the 5005 tape, allowing it to dry, and then using it in 
the seams with no additional application of cement. After 
considerable study, a method and apparatus were devel 
oped whereby a uniform thickness of cement could be 
applied to the 5005 tape. The thickness of the 5005 tape 
is 0.015 in. and, after applying the cement on each side, 
the thickness is 0.025 in. which is held readily to +0.005 
in. Fig. 4 1s a cross-section of the apparatus used to apply 
the cement. A strip is coated on one side and is then 
stretched out to dry for approximately 24 hr before being 
coated on the opposite side. After drying, it is rolled with 
wax paper between the coils and put away for future use. 
Various widths of strips are made up and put in stock. 
The evidence to date indicates that the coated tape, when 
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m Fig. 4-—Cross-section through apparatus used for applying 
cement to 5005 tape 


prepared and stored in this manner, retains a sufficiently 
plastic surface on the relatively hard tape to give equally 
good sealing results even after six months’ storage. With 
the use of a drying oven this tape undoubtedly can be 
made in continuous lengths. 

A comparison of the thickness of various neoprene tapes 
after being immersed in gasoline for 1 hr, is as follows: 
The cement-coated tape increased in thickness from 0.024 
to 0.034 in., The non-coated 5005 
tape increased from 0.014 to 0.015 in. A 5007 tape, which 
is similar to the 5005 tape but made with a stronger fabric 
and a greater thickness of neoprene coating, increased in 
thickness 25 to in. Plain neoprene sheet 
had an increase in thickness from 0.038 to 0.042 in. From 
this comparison it is evident that the cement-coated tape 
has the desirable feature of expanding a greater amount 
than any the other materials tested when in contact 
with gasoline. Continuation of the test for several days 
did not increase the thickness of any of the specimens. 


or a total of o.oro in. 


trom 0.0 0.032 


ol 


Corner seals on most of our new designs are now made 
with a neoprene corner block pulled up tightly into the 
corner by means of a large, suitably shaped washer and 
one or more bolts. The head of the bo!t usually is anchored 
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to the washer on the inside of the tank so that the nut can 
be tightened from the outside at any time. The neoprene 
blocks are either cut from thick sheet or, if non-rectangular 
in shape, they are molded to fit. It is important that the 
neoprene be soft and for this reason the durometer reading 
of 40 to 50 is specified. Fig. 5 shows a typical corner. The 
pocket is first coated lightly with neoprene cement and 
then a small amount of Fairprene asbestos cement is added 
before forcing the block in place. The asbestos cement 1s 
used because it has only a small amount of solvent to 
evaporate and yet is forced readily into the sharp corners 
of the poc ket. 


@ Spotwelding Successful 


In several designs we have used spotwelding with suc 
cess. In one case, the stringers of the top and bottom pan 
beam were spotwelded to the skin while, in 
leading edge ribs were spotwelded to the 
a single spar wing construction. The attach- 
ment of the panels and the leading edge to the beam was 
made with the neoprene cement coated tape. Here again 
numerous tests were made before trying out the spotweld 
ing on a fuel tank as there was some question in our minds 


els of a box 
another, the 
covering for 


as to the ability of a spotweld, its central structure being 
in a semi-cast condition, to prevent gasoline from seeping 
through. Tests were made on various thicknesses of sheet 
and with a wide variation in the control setting of the 
spotwelder. The specimens, some of which were subjected 
to gasoline pressure for several months, did not show any 
signs of seepage even though some of the spots were un 
questionably of a poorer structure than is obtained with a 
well-controlled machine. One of these spotwelded tanks 
has been in service for a period of three years with no 
trouble, and a production order now being fabricated has 
shown a big cost saving in the use of spotwelding in con 
nection with integral fuel-tank construction. 

It is realized that this paper is rather limited in scope 
since it was obviously impossible to include the latest 
methods used by other manufacturers in designing integral 
fuel tanks. It does, however, cover the experiences of 
Vought-Sikorsky Aircraft, and it is hoped that the infor- 
mation given may be helpful to those 
problem. 


interested in this 
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a Fig 


. 5-—Typical fuel-tank corner seal construction 





Proposed 





HE Air-Cleaner Test Code Subdivision of the Trac- sea 
tor and Equipment Division, SAE Standards Com- 
mittee, at this time presents in code form the Air- 
Cleaner Test Procedure which has been developed through 
collaborating the experience of the leading tractor and 
engine builders with that of the air-cleaner manufacturers. | 
This report consists of two divisions, namely: | 

1. Air-Cleaner Test Code. 

2. Discussion of pertinent factors not included in the 
code itself. 

Summarizing the work of the Subdivision, the appended 
test procedure, having been reviewed and criticized by 
both the tractor and engine builders and the air-cleaner 
manufacturers, is now submitted for general discussion 
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and criticism, although the Subdivision’s efforts have, to '2 2 2 82a 8 £4 8 2 
some considerable extent, been handicapped by the failure 

; ' OL LEVEL ABOVE MANUFACTURERS INDICATED LEVEL- 
of many properly interested in the subject to submit their | INCHES, 
views. 





It should be understood that the proposed procedure is 

submitted as a laboratory method only and it must be : . . , ; 
: a ‘ a Fig. |—Cleaner loss in weight versus oil level (specimen curve 

recognized that, when an air cleaner has been developed plotted from actual tests) 
to a satisfactory point in the laboratory, the final verifica- 
tion of the application must result only from field de- 
terminations. We find that a number of manufacturers 
have special tests of their own which they have found 
necessary as a result of particular service to which their 
product is subjected. We refer particularly to tests in 
inclined positions and tests where movement of the engine 


and cleaner is provided. The effort of the committee has 
been devoted to formulating a comprehensive test pro 
cedure which will develop fully the characteristics and 
possibilities of the air cleaner being tested and permit 


Silt silica etna ds tae Metin “Denctar Wecting of the of doing this work in a convenient and commercial man- 
Society, Milwaukee, Wis., Sept. 29, 1939.1 ner so as to fill a long-felt need for a test procedure, the 
* Mr. Worthington is chairman of the Tractor and Equipment Divi- |. -k f } ich has | h: li a “d | > devel 
sion and Air Cleaner Test Code Subdivision, SAE Standards Committee. ack OF whic las long Nandicapped the development and 
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~—~CLEANER TEST CODE 


by W. H. WORTHINGTON 


John Deere Tractor Co.* 





UMMARIZING the work of the Air Cleaner Test 
Code Subdivision, the Air Cleaner Test Pro- 


Raw Material 

















P . F es - The material shall be dust that settles out of the air behind or 
cedure is presented in its revised "Code" form as a around tractor or implements operating in the Salt River Valley, Ariz. 
. It is recommended that this dust be caught on a canvas cloth. 
laboratory method of test procedure. Included is a Osi oar en acs Aacengaa Ns 
Method of Manufacture 
discussion of the properties of dust prepared by the 1. Dry raw dust in oven. 
Z : 2. Sift dust through 200-mesh screen (0.0029 in. width of open- 
usual screening methods, an outline of the accepted ings). 
° ° : ° 3. Discard dust retained on 200-mesh screen. 
5 
methods of particle size determination, and sugges- 4, Skt dust chesinnd in Section 2 Gemes & speceeh een 
tions as to how dust of a definite particle size analysis (0.0021 in. width of opening) until no more will go through. 
Screen Analysis (By Weight) 
may be prepared. 80% through 270-mesh screen. 
20% through 200-mesh screen, but shall be retained on 270-mesh 
screen.” 
‘ ‘ ; : scene mliibcaaaiiadaenisnctaemaliids inde auisaamiaiels a ad : 
application of air cleaners as a part of commercial power | 
installations. 
ae a Q 
Due to the absence of definite information and the ¥ | 
almost unanimous lack of agreement on the part of those S 
concerned, we have not found it possible to set up a stand- t 
ard test dust although it may well be stressed that there & | 
: ; : é ‘ 
is probably no single element affecting to so great a degree ry | 
- ° . ° - - > 
the efficiency of an air cleaner as the fineness of the dust Q 
used for testing. Following up the experience of one s 
manufacturer who has had very satisfactory results in the 0 
development of air cleaners having a high degree of field | q 
ips ; ; \€@ @0 4 4 £2 4 22 Ea 
efhciency, we find that he prepares test dust as follows: a. = S **@ ~ ¢ 
4 O/L LEVEL BELOW MANUFACTURERS LEVEL - /NCHES 
Dust suitable for air cleaner tests shall conform to the following é 
specification: — SS ee oe a a 
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Examination of these specifications reveals: 

First: The requirement of air floating results in dust in 
every way comparable with that entering the air cleaner 
of a tractor when operating in a field, since the position of 
the air inlet is such that the greater part of the dust enter- 
ing the tractor inlet is actually air-floated. 

Second: The specifications of sieve size were arrived at 
by analyzing samples of dust caught in the oil cups of a 
number of cleaners operating in the extremely dusty con 
ditions in the Southwest. 

Third: Examination of air-floated dust from the Salt 
River Valley of Arizona reveals that it contains a high 
percentage of extremely fine particles, highly abrasive in 
their nature, the size of which is difficult to arrive at by 
any screening specifications. 

Enlarging on this discussion, it will be seen that, if too 
high a percentage of the dust passing through the 270 
mesh screen closely approximates in particle size the aper- 
tures of the screen, then that dust would be definitely too 
coarse to represent many of the floating dust particles which 
an air cleaner is called upon to arrest. Further, dust pass- 
ing through a screen may vary in size from the finest 
deflocculated colloidal material to the maximum size which 
the screen permits to pass, and it is this dust of minute 
particle size which is most disastrous when taken into an 
internal-combustion engine. It would seem that, just as 
the steel manufacturers have finally added a grain-size 
specification to their product, so it will be necessary to 
specify dust particle size and percentage in order to obtain 
consistent results. Any specification set up for test dust 
should stipulate the proportion of particles ranging in size 
between (for instance) 24 and 43 microns (0.001 mm) 6 to 
23 microns, (0.006-0.023 mm) and include all particles 
below 6 microns (0.006 mm) in size. Possibly even some 
greater number of ranges should be specified. 

In considering dust-particle size, it must be remembered 
that any commercial method of determination based upon 
the application of Stokes Law, such as that in part em 
ployed in the Standard Specification established by the 
American Society for Testing Materials, their “Method of 
Mechanical Analysis of Soils, ASTM Tentative Standard; 
D 422-35T,” establishes groups of particles roughly equiva 
lent to spheres having comparable surface areas. 

Dust particles are of various shapes such as cubes, plates, 
rods, and so on and in making comparisons with spheres, 
all three dimensions of the particle necessarily must be 
considered, since a thin flat particle would have greater 
lateral dimensions than the sphere to which it is equivalent. 

To develop the fallacy of depending solely upon a screen 
analysis, an examination has been made of such dust as 
would pass through a 270-mesh wire screen. One of these 
samples was taken from dust originating in Salt River 
Valley, Ariz., the other originating in the Imperial Valley 
at Calexico, Calif. An examination of this dust reveals 
the following properties: 

Particle Size 


Arizona Dust California Dust 


53-54 microns 17.30% 5.1 
43-24 micron 54.2 % 2.3 
23-6 miucrons 15.4 % 35.9 
5-0 mucrons 13.1 % 16.7 


Examining the foregoing analysis, it will be seen that 
the Arizona dust contains a total of 71.5% of particles 
larger in size than 23 microns and but 28.5% of 23 
microns and smaller, whereas the California dust contains 


/ 


but 47.4% of particles of 23 microns and larger and 52.6% 


of 23 microns and smaller. Further physical differences 
lie in the fact that the California dust contained practically 
three times the hydroscopic moisture contained by the 
Arizona dust, and 3.2% of the fine particles in the Cali 
fornia dust were of a colloidal nature, which greatly in 
crease in volume when in contact with oil and tend to foul 
the oil-separating element of a cleaner to a point where 
it can no longer function. It would therefore seem that 
any specification of test dust must, in addition to a particl 
size specification, place a limit upon the amount of col 
loidal matter and the hydroscopic water content. 

As to the determination of dust-particle size, there are at 
present two recognized methods: 

First — The elutriation process based upon Stokes Law 
covering the time of falling in fluid. This is the method 
employed in the ASTM tentative test procedure, and a 
microscopic verification of the particle sizes determined 
by this method reveals the practical accuracy of the results 
so obtained. 

Second — The Roller particle-size analyzer, invented by 
Dr. Roller and manufactured by the American Instrument 
Co. of Silver Springs, Md. This apparatus fractionates the 
dust particles into graded sizes, based upon Stokes Law 
in connection with the flow of air. 

The results of both methods are in terms of equivalent 
spheres as given by Stokes Law. 

Apparatus such as the Roller Particle Size Analyzer may, 
on account of its capacity, be used for the grading of dust 
and from the various grades of dust separated, a test dust 
of any specified particle size proportions may be blended 
readily. 

It would seem that some thought should be given to 
testing cleaners with a dust made up largely of the finer 
particles. Such a test would show less efficiency than 
would be obtained in field service, but the spread in ef 
ficiencies would be magnified. To some, the difference 
between a cleaner efficiency of 98% and 99% represents 
but 1%, whereas it should be recognized that the cleaner 
testing but 98% efficient is passing twice the dust to the 
engine than does the cleaner testing 99% efficient. 

Where finer test dust is used, the cleaner showing an 
eficiency of 98% with field dust might be lowered to 80% 
efficiency, while the cleaner showing 99° efficiency with 
field dust might similarly be lowered in efficiency to 90%. 
Certainly a difference in efficiency between 80° and go% 
is more impressive than that between 98% and 99%; yet 
the ratio of dust passed to the engine is identical. 

The proposed procedure follows: 


Proposed Air Cleaner Test Code 


This test procedure is intended for laboratory use in determining 
the operating characteristics of air cleaners applied to internal-com 
bustion engines. Either of two procedures may be followed, viz 

1. Absolute-Cleaner Method —The test set-up for this procedurt 
interposes an “absolute cleaner’? between the air cleaner on test and 
the engine. This absolute cleaner catches any dust passed by the 
air cleaner and provides a direct check on all determination 

2. Direct-Mounting Method—The test set-up for this procedure 


involves attaching the air cleaner on test to the engine by its regular 
operating connections, . 


On account of the check on the results provided by the absolute 
cleaner method, this procedure is generally to be preferred. How 
ever, should the use of an absolute cleaner be found to affect meas 
urably the performance of the air cleaner, the second method neces 
sarily must be followed. 
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The entire procedure includes the following determinations: 

1. Determination of oil-carry-over characteristics and maximum 
oil level. 

2. Determination of minimum oil level. 

3. Cleaner efficiency at selected operating level. 

4. Cleaner efficiency at selected low oil level. 

5. Oil agitation characteristics. 

6. Cleaner resistance and horsepower loss 

7. 3ackhre test. 


APPARATUS 


A. Absolute Cleaner Method. 


1. All parts necessary for applying cleaner to engine. 
2. Absolute cleaner with sufficient cloths. Cloths to be cut to 
size from 10-0z Canton flannel, moleskin, or felt weighing not 
less than 1'4 |b per sq yd. New cloths shall be laundered befor 
using. Fuzzy side of moleskin or flannel shall be toward air flow 
Absolute cleaner must be of a size such that the restriction result 
ing from the collection of dust on cleaner cloths shall not affect 
engine operation. 

3. Dust feeding means— The dust-feeding apparatus shall be of a 
type arranged for feeding dust by air flotation. Air fed into the 
feeding apparatus shall be passed through a suitable air dryer, 
since moisture contacting the dust causes caking and coagulation. 
To prevent the accumulation of surface dust on the inside of the 
dust chamber, which spalls off and enters the air stream in flakes, 
the dust chamber should be provided with a vibrator. 

4. Scales with sufficient capacity and sensitivity to weight duster 
and cleaner to the nearest 0.10 gm or equivalent. 

5. Supply of test dust. 

6. Water monometers to measure restriction at inlet and outlet of 
air cleaner and at engine inlet. 

7. Oil for cleaner tests (SAE 40 and SAI 


+ 


( W oil ot known 


viscosity characteristics). 


8. Compressed air supply. 


g. Suitable data sheets. 


B. Direct Mounting Method. 
1. Provide all apparatus specified in the foregoing except the 
absolute cleaner and cloths. 


PROCEDURE 


Determination of Oil-Carry-Over Character 
istics and Maximum Oil Level 


Test No. 1 


This test shall be run with SAE 10 W oil in the cleaner, with 
cleaner applied to engine in the regular manner and without absolut 
cleaner. (If an operating application has not been devised, attach 
cleaner in the simplest manner, using short connections with as few 
turns as possible.) Submit sketch of set-up with report. 


A. Fill cleaner with SAE 10 W oil to manufacturers indicated 


operating level. Assemble cleaner and weigh to nearest 0.10 gm. 


B. Attach cleaner to engine and run for 
wide-open throttle. 
E, 


20 min at full load with 


Air inlet temperature should approximate summer conditions. 
Record time of start and stop, engine rpm, load, temperatur¢ 
of inlet air, and restriction through cleaner. 


C. Remove cleaner and weigh to nearest 0.10 gm. 


Examine outlet 
for oil carry-over. 


Record viscosity of oil at temperature of test and 
the oil loss by weight. 

D. If no oil carry-over is observed, increase oil level in cleaner by 
some chosen arbitrary increment and repeat test. 


E. Continue at higher oil level increments, as in D until oil carry 
over is observed in connections leading from cleaner. Plot 


cleane! 
loss in weight 


against oil level, and from this plotted curve, the 
maximum operating oil level may be chosen. Fig. 1 shows 
men curve plotted from actual tests. 


Note: It will be seen that the maximum oil level must 


necessarily 
be selected arbitrarily at some point on the determined curve since, 
} 


due to oil evaporation, zero oil loss is rarely obtained. 


a speci 


F. As a check, repeat test B for 60 min at chosen 


maximum oil 
level. 


Test No. 2— Determination of Minimum Oil Level 
This test shall be run with SAE 4o oil in the cleaner. Test set-up 


as in Fig. 2 with dust feeding apparatus ahead of cleaner (without 
absolute cleaner). 
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A. Run engine at no load and governed speed until operating 
stability is attained. 


B. Determine lowest oil level at which washing of the separating 
clement is observed. Such observations may be made: 
1. Through window installed in cleaner 
or 
By removing cup and noting oil draining back from _ the 
separating compartment 


> 


or 


3. By noting to what degree oil in the cup has been agitated 


C. Run quantitative test at level determined in B as follows: 
1. Weigh cleaner with oil at above level to nearest 0.10 gm. 
2. Run engine as in A above. 
3. Feed dust at 50% of rate used in Efficiency Test No. 3 
paragraph 9. 
4. Remove cleaner and weigh to nearest 0.10 gm. Difference 
between Weight 1 and Weight 4 represents dust retained by 
cleaner. 


D. Repeat € at a number of oil levels varying by some arbitrarily 
chosen increment until sufficient data are obtained to permit of 
choosing the low oil level. 

Note: Fig. 3 shows the plotted results of such a series of runs and 
from these data the minimum oil level may be selected arbitrarily 
according to the desired low-level efficiency. 


Test No. 3— Determination of Cleaner Efficiency at Se 
lected Operating Oil Level — Absolute-Cleaner Method 
This test shall be run with SAE go oil in cleaner. 

1. Use test set-up shown in Fig. 4, with absolute cleaner between 
cleaner and engine, and dust-feeding apparatus ahead of cleaner. 

2. Connection between the various units must be dust-and-oil tight. 

3. A dimensional sketch of the set-up shall 
report. 

4. Wash and dry cleaner as in Test No. 5—A and B. 

5. Fill cleaner cup with SAE 4o oil to the operating oil level 
chosen midway between the maximum, oil level (Test No. 1) and 
the minimum oil level (Test No. 2). 

6. Wipe inside of absolute cleaner and assemble with thoroughly 
clean cloths. 


xe submitted with the 


Install dust feeder, cleaner, and absolute cleaner in 
series, but do not connect to engine. 

Fill dust-feeding apparatus with dust, and weigh to nearest 
0.10 gm. 

8. Start engine and run idle. 

9. Connect absolute cleaner to engine and bring engine to full 
load. At this point, entire set-up is complete, but dust is not being 
floated into the air stream. When ready to start efficiency run, record 
time and start dust feed at rate of 0.50 gm (or equivalent) per hr 
tor each cfm of air taken into the engine. 

10. Maintain dust feed at uniform rate throughout the test and, 
at 10-min intervals, record intake temperature, engine load and re 
striction at both intake and discharge of cleaner. Run test for a 
period of 4 hr. 

11. At end of test, shut off dust feed, record time, and dis- 
connect entire test equipment before stopping engine. Disconnect 
dust-feed apparatus and weigh to nearest 0.10 gm. Carefully brush 
into the cleaner all dust in connections between dust-feed apparatus 
and cleaner. Disconnect cleaner from absolute cleaner, and brush in 
absolute cleaner all dust in connections between cleaner and absolute 
cleaner. 

12. 
oil, and the absolute cleaner with clots in naphtha, repeating until 
no discoloration is observed. Filter all naphtha with dust through 
hlter paper, dry, and determine weight increase of filter paper repre- 
senting separately the dust removed from the cleaner, 
element, the cleaner cup, and the absolute cleaner. 

Note: The quantity of dust removed from the cleaner separating 
element with respect to that removed from the cup quantitatively 


indicates the effectiveness of the oil washing throughout the separating 


element. 


Separately wash cleaner, separating element, cleaner cup with 


separating 


Check the accuracy of all determinations by the following: 
Weight of dust fed = loss in weight of dust feeding 

apparatus 
weight of dust recovered in 
cleaner 7+ 
weight of dust recovered in 
absolute cleaner. 

The eficiency may then be calculated as follows: 


Weight of dust recovered in cleaner 


Weight of dust 
recovered in 


Efhciency (%) 100| Weight of dust re 


covered in cleaner 
absolute cleaner 














Test No. 3A — Determination of Cleaner Efficiency at Se- 
lected Operating Oil Level — Direct-Mounted Method 


This test to be run with SAE 4o oil in cleaner. 

1. Use test set-up shown in Fig. 2, with dust-feeding apparatus 
ahead of cleaner. 

2. Same as Test No. 3, Paragraph 
Same as Test No. 3, Paragraph 
Same as Test No. 3, Paragraph 
. Same as Test No. 3, Paragraph 
. Same as Test No. 3, Paragraph 
. Same as Test No. 3, Paragraph 
. Connect cleaner to engine, and bring engine to full load. At 
this point, entire set-up is complete, but dust is not being floated into 
the air stream. When ready to start efficiency run, record time and 
start dust feed at rate established in Test No. 3, Paragraph 9. 

9g. Same as Test No. 3, Paragraph ro. 

ro. At end of test, shut off dust feed, record time and disconnect 
entire test equipment before stopping engine. Disconnect dust-feed 
apparatus and weight to nearest 0.10 gm. Carefully brush dust in 
connections between dust feeder and air cleaner into cleaner. 

11. Wash cleaner with oil in naphtha until no discoloration is 
observed. Filter naphtha with dust through filter paper, dry, and 
determine weight of dust on filter paper. The cleaner efficiency is 
then calculated as follows: 


ON ANEW 
conv tw N 


; Weight of dust recovered from cleaner 
Efficiency (%) = 100 : : 


Weight of dust fed 


It will be noted that this method affords no check on dust fed 
against total dust recovered and should be used only where the use 
of the absolute cleaner is found to affect the cleaner operation. 


Test No. 4 — Determination of Cleaner Efficiency at Low 


Oil Level 


This test shall be run with SAE 40 oil in cleaner. 

1. Set up and proceed as in Test No. 3 (1-12) or Test No. 3-A 
(1-11), except (1) oil level in cleaner shall be at the low level 
chosen in Test No. 2. 


2. Run engine at governed speed without load. 


Test No. 5— Oil Agitation Characteristics 


Oil agitation may be checked quantitatively under loads varying 
from no load to full load, and at the corresponding governed speeds 
as follows: 

1. Remove entire cleaner from engine, and wash out all oil with 
naphtha. 

2. Dry cleaner as follows: 

A. Blow out the oil-separating element with compressed air. 

B. Assemble cleaner. Attach to engine and operate until cleaner 
is dried thoroughly. This may be determined by weighing 
cleaner at 5-min intervals until the weight remains constant. 

3. Run engine at governed speed and without load then, without 
stopping the engine, remove the oil cup and fill to chosen operating 
oil level. (Test No. 3, Paragraph 5.) Weigh cup with included 
oil to nearest 0.10 gm and assemble to cleaner. 

4. Operate engine at governed speed and without load for a 10-min 
period. 
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= Fig. 6—Typical curves plotting results of maximum fuel char- 
acteristic run 


5. Without stopping engine, remove oil cup with oil and weigh 
The reduction in weight from Paragraph 3 represents the oil in the 
separating compartment. 

Note: This test reveals the amount of oil in the separating element 
which causes the washing action and may be run at any desired load 
increment to establish the oil-agitation characteristics over the load 
range of the engine. 


Test No. 6— Determination of Cleaner Resistance and 
Horsepower Loss (Carburetor Engine) 


A. Set up Cleaner as in Test No. 1 (Fig. 2) without dust-feeding 
apparatus. 

1. Fill cleaner cup with SAE 4o oil to chosen operating oil level 

(Test No. 3, Paragraph 5). 

2. With throttle maintained in wide-open position and at con 
stant speed, make a maximum fuel characteristic run recording 
horsepower, fuel consumption and carburetor adjustment for 
each point determined. Plot results in curve form. Specimen is 
shown in Fig. 6. 

3. Record engine rpm, temperature, and depression at carburetor 
inlet. 

4. Remove air cleaner from line, leaving intact the remainder 
of air line from air inlet to inlet. 


Repeat Paragraph 2 above 
and plot results on same sheet. 


5. Record engine rpm, temperature, and depression at carburetor 
inlet. 

6. The difference between the plotted test results and depression 
determination gives the horsepower loss and cleaner resistance. 
Note: If the carburetor has a fixed adjustment, determine and 
record the maximum engine horsepower at rated speed. 


No attempt has been made to include special tests 
peculiar to some manufacturer such as tests under oscil 
lating conditions simulating that encountered in a crawler 
tractor operating over uneven terrain. It is recognized that 
the air cleaners on tractors tend to foul and become clogged 
with chaff, corn stalks and corn silk, and even the lint 
from cottonwood trees, but the difficulty of providing a 
standard test medium precludes the inclusion of such 
tests in the Suggested Test Procedure. 

Further, it should be recognized that it is seldom neces- 
sary to make all of the suggested tests on any one cleaner. 
However, each test has an established value, and a pro- 
cedure has therefore been set up which may be followed 
where necessary. 

Matters such as the selection of the working oil levels 
are largely arrived at by arbitrary selection. Oil carry-over 
to a degree which would not be objectionable in a car 
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buretor-type engine might be disastrous in a compression- 
ignition engine, so no attempt has been made to indicate 
what these levels should be for optimum results. 
Whether or not the proposed procedure should be 
adopted as an SAE Standard is a matter which remains 
to be decided by those concerned. However, it is felt that 
the close cooperation and exchange of information through- 
out its development have resulted in a general increase of 
knowledge of air cleaner test procedure on the part of 
both tractor and air cleaner manufacturers, so that there 
is today not the need for a test code that there was at the 
time the work was undertaken. However, progress of 
standardization is best made by starting from a fixed base 


and any air cleaner test code that may be adopted will be 
revised as improved methods of testing are developed and, 
like any other SAE standard, may be revoked when it has 
served its purpose. It is with this thought in mind that 
the results of the Subdivision’s effort are submitted. 

The Subdivision wishes to thank those who have so 
freely given of their time and experience, particularly Frank 
Donaldson and William Lowther of the Donaldson Co., 
John Beatty of the United Specialties Co., T. W. Haller- 
berger, formerly of the United Specialties Co., R. C. Dar- 
nell of King Seeley Corp., and G. H. Hopkins of the 
Vortox Mfg. Co. whose consistent cooperation has been 
invaluable in the continuance of our work. 





Design Suggestions 


IGHT is the one sense necessary in moving and in 

driving an automobile. Clear and unobstructed vision 
allows the driver to pick up objects, moving or stationary, 
out of the “corner of his eyes.” This “corner-of-the-eye” 
vision is necessary in driving, as it precludes any sudden 
appearance of an object in the path of travel. Blind cor- 
ners, hilltops, and vision-obstructing objects must be ap- 
proached at a reduced speed. 

Anything that limits the driver’s vision interferes with 
his timing and makes driving more dangerous. With 
limited vision the driver must reduce his speed in order 
to have his vehicle under control for possible emergencies. 

The long engine hood and low seating position in the 
modern cars handicap the driver. He cannot see his mud- 
guards and place his car in a precise position. This ac- 
counts for the wide swings into the third traffic lane in 
passing and the straddling of traffic lines. The inability 
to see the road Close in front of the vehicle on the curb 
side allows children and small animals to dart into the path 
of the car without being seen by the operator. Wearers 
of bifocal glasses find the long engine hood and low seat- 
ing position trying; in order to see the road close in front 
of the car, they lift their heads as high as they can and 
that forces their line of vision through the reading lenses. 
The low seating position puts the driver where he suffers 
more from the glare of the lights of approaching vehicles. 

The wide and rounded front corner posts at the sides 
of the windshield create blind spots. The ventilating wings 
in front-door windows, when covered with rain or snow, 
increase the size of the blind spots, especially in city driv- 
ing at night where lights cause reflections. These blind 
spots give the driver “tunnel vision.” It is impossible to 
see objects approaching from the side until they are too 
nearly in the path of travel. This accounts for many 
accidents where the truthful driver involved has said: 
“When I saw it, it was too late to avoid hitting it.” 

The steeply sloped windshields gather more dirt than 
the more nearly vertical ones and need cleaning more often. 
In the last few years we find many cars with steeply sloped 
windshields causing double vision. The lights on an ap- 
proaching car show up as two bright lights and, offset from 
them, two dim lights. As the car comes nearer, the dim 
lights move closer and closer to the bright lights. The 


for Improving Vision 


same phenomenon is noticed while a car is stopped at a 
trafic light. There appears to be a bright red light and a 
dim one. Sooner or later the driver notices this and his 
attention is distracted (a mild form of hypnotism). A 
steeply inclined windshield increases the effect of any im- 
perfection in it. In many cars with steeply inclined wind- 
shields the instrument board, instruments, steering wheel, 
and gearshift lever are reflected in the windshield, and the 
driver has to peer through these reflections in order to see 
the road. In some instances, the sun shining through the 
steeply inclined windshield causes reflections from the in- 
strument board that can dazzle the driver. The sun shining 
on the dust particles that gather on the steeply inclined 
windshields causes eye strain. 

The V windshields that modern style dictates are a 
handicap to vision. In looking at a passing object, as the 
line of sight passes from one pane of the V through the 
other, the eyes re-focus. After a time the driver uncon- 
sciously moves his head to see as much as he can through 
the pane in front of him, and finally he sees what he can 
without bothering to move his head. A line in a wind- 
shield is annoying and it tends to limit vision to the pane 
in front of the operator. 


m Sloped Windshields Impede Defrosting 


With steeply sloped windshields without outside pro- 
tecting visors, the defrosting problem is one that has not 
been solved satisfactorily under severe storm conditions. 
With these same windshields ice and snow collect when 
the cars are parked, and few drivers will stop to clean 
thoroughly the windshields before they start out. With 
engine heat and the cooling fan available, it would seem 
that, with properly placed louvers in the rear of the engine 
hood, heat could be conducted over the outside of the 
windshield and effective defrosting obtained. 

Many cars, both old and new, have windshield glass 
that causes distorted vision. This is not only disconcerting 
to the driver but also a prolific source of eye fatigue. 

Safety glass is one of the greatest and most valuable 
improvements to be incorporated in automobiles but, when 
safety glass becomes discolored due to age or extreme heat, 
it should be replaced and the expense involved considered 
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as insurance. Candles should never be used as detrosters 
with laminated safety glass, as the heat can cause the bind- 
ing material to explode. 

Any one who wears glasses appreciates the protection 
that the visor gives on a sunny day. On automobiles no 
outside visors have been provided for several years, and 
the drivers have had to put up with tremendous eyestrain 
and corresponding fatigue that glare causes. A laboratory 
method of inducing fatigue is to place a fairly bright light 
in front of and a little above the eyes of the subject. 

Rear vision is so limited in many of the recent cars that 
backing up becomes a blind maneuver. The large rear- 
quarter blind spots prevent drivers from seeing overtaking 
cars and are the cause of many side-swipe accidents. 

The steeply sloped rear windows become covered with 
snow and are opaque in even the mildest of snowstorms. 
Outside rear-view mirrors are a necessity. 

A complaint that has become common is that the steeply 
sloped windshields and rear windows of the newer cars 
cause dazzling reflections to the drivers of other cars on 
sunny days. Such a blinding reflection gives no warning 
of its coming and is to be dreaded as the blinded driver 
may not recover his normal sight for several seconds. 

In recent years the night-time accidents have been far 
greater in number than the daylight accidents. The use 
of sealed beam lights in the new cars provides better il- 
lumination, but placing the driver closer to the road sub- 
jects him to the increased glare. The lower cars give the 
drivers a false sense of security and no passenger car can 
be built low enough that some drivers can not leave the 
road and turn over. 


mw Vision Better in Older Seats 


Seating positions in the older cars and buses and trucks 
give the drivers better vision and enable better maneuvering 
in congested traffic as well as placing drivers out of the 
headlight glare zone. The driver’s seat should place him 
in an alert and erect position; the controls should be in 
naturally comfortable positions; and he should be able to 
see without having to crane his neck or re-focus his eyes. 
The bucket-type seat provides far greater comfort and 
causes less fatigue than the flat backed divan type of seat. 
Modern frothed latex upholstery makes for more comfort 
and less fatigue. Seats and controls should be adjustable 
to care better for other than average size drivers. 

The simplest way to express the wishes and desires of a 
group of intelligent and thoughtful motorists would be to 
say: “Give us the vision, the higher seating positions, the 
roomier bodies, the greater road clearance, the faster steer- 
ing, and the weight distribution we had in the cars of 
twelve years ago. Modernize these features and give us 
the present smooth and efficient powerplants, transmissions, 
brakes, and riding comfort.” 

In order to present our suggestions in detail we first 
must consider vision as being of prime importance where 
safety is concerned. Windshields should be flat and wide. 
They should be placed in a nearly vertical position (being 
sloped back a few degrees to prevent lights from behind 
being reflected into the driver’s eyes). The windshields 
should be protected by an outside visor. With a flat wind- 
shield, horizontally operated windshield wipers with mul- 
tiple blades can clear practically the entire area. The 
corner pillars should be slender and not cause blind spots. 
The ventilating panes in the doors could be eliminated 
with a properly developed pressure ventilating system. The 
side windows should be nearly vertical in order to eliminate 


the collection of dirt that gathers on the “tumble-home” 
type. The rear window should be nearly vertical (having 
a few degrees “tumble home’) in order to prevent the 
gathering of snow and dirt. The side and rear windows 
should be large enough to give the driver adequate side 
and rear vision. The windshield should be shielded from 
any internal lights and bright work in order to prevent 
reflections. The bright work on the outside of the car 
should be placed with due regard to possible external re 
flections that might bother the driver. Defrosting a nearly 
vertical windshield protected by an outside visor can be 
accomplished easily by providing suitable louvers in the 
rear of the engine hood. More nearly optically perfect 
windshields than those in standard production should be 
made available at an extra cost to those motorists whose 
eyes are sensitive. 

In order to enable a driver to handle his car in traffic 
with confidence and precision he must be able to see both 
front mudguards and the road close in front of the car. 
The European method of solving this problem is to retain 
the low seating position and use sloping engine hoods. In 
view of our night-time accident record, we would strongly 
recommend the raising of the seats in automobiles. This 
would mean higher cars and would allow greater ground 
clearance. We have talked with many bus and truck driv 
ers as well as passengers in interurban buses who are also 
private motorists, and their enthusiasm for the higher 
seating position and the lessened glare in night driving is 
unbounded. They also comment most favorably on the 
better daytime vision. 

The adjustments of seats and controls should be made 
flexible enough to accommodate the majority of drivers 
and not cater to the standard or average driver. The tele 
scoping, adjustable steering post has met with great favor 
in England. Seat adjustments for height as well as leg 
length could be more widely used. With fully adjustable 
seats the windshields will have to be large enough to care 
for both tall and short operators. 

The driver’s seat should place him in an alert and nearly 
erect position. The increasing use of foamed-latex cushions 
has shown how comfortable seats can add to riding ease. 
The bucket-type seat does more to relieve the driver of fa 
tigue than is generally understood. Providing the driver 
with an erect bucket-type seat and the passengers with the 
more desirable reclining type seat back on a three-passenger 
seat provides a problem. With molded frothed latex seat 
backs the solution should not be difficult. 

Where the average roads are narrow, often highly 
crowned, where sharp turns and hills are common, and 
where winter conditions complicate driving, we want and, 
for safety, need: better all-round vision, more effective 
windshield defrosting, higher seating positions, better seats, 
improved pressure ventilation, faster steering, a strong 
caster action or its equivalent, a smaller moment of inertia 
and more weight on the rear wheels, greater ground clear 
ance and less fore-and-aft overhang, larger diameter wheels 
for better traction, room to put on tire chains and room for 
them to function without scraping body sides and striking 
mudguards, more room in the bodies and less under the 
mudguards. 

Excerpts from the paper: “Design Suggestions Resulting 
from Road Testing for Safety,’ by Dean A. Fales, asso 
ciate professor of automotive engineering, Massachusetts 
Institute of Technology, presented at the Semi-Annual 
Meeting of the Society, White Sulphur Springs, West Va., 
June 11, 1940. 
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GEARED ENGINES 
for Light Airplanes 





m Fig. | —- Lycoming Model GO-145 geared engine 


S the yearly sales of light airplanes increase and the 
field of service in which these ships are expected to 
perform broadens, more and more is demanded of 

their powerplants. The light airplane engine must be pro- 
curable at low cost, be smooth in operation, reliable, thrifty 
to operate, compact, and its weight must be decreased to 
the lowest practical figure. Power outputs have increased 
from 40 hp to 75 hp in licensed light airplanes to date, to 
include the new three-place ships. 

An engine equipped with a propeller reduction gear pro- 
vides an excellent powerplant for these larger light air 
planes since it is possible to increase the horsepower of a 
given engine by increasing the rpm, which smooths out 
the power impulses considerably, while maintaining maxi 
mum propeller efficiency. Another point worthy of note is 
that 75% of the production tooling required to manufac 
ture a direct-drive engine of the same series can be utilized 
in producing the geared engine, resulting in lower cost. 


@ Development of the 0-145 Engine 


At the time the model O-145 engine was laid out, the 
range of 50 to 75 hp was planned, the latter power to be 
utilized by employing a reduction gear. This engine, the 


[This paper was presented at the National Aeronautic Meeting of the 
Society, Washington, D. C., March 15, 1940.] 
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by C.H. WIEGMAN 


Lycoming Division, Aviation Mfg. Corp. 


T HE high-speed geared engine with its slow-turning 
propeller will open new fields for the light airplane, 
Mr. Wiegman predicts. For evidence to back his 
prophecy he points to the superior take-off and climb 
performance of the geared engine when compared 
with those of high-speed direct-drive engines of equal 
horsepower. 


Among the problems that had to be solved in the 
development of geared engines of the 4-cyl, two- 
bank, horizontally opposed type discussed was that 
of the high amplitudes of 4th and 2nd order crank- 
shaft torsional vibration encountered in the operat- 
ing range. Damping through the use of a Lanches- 
ter friction-type damper, the size of which was as 
large as practical, reduced the 4th-order resonance 
successfully, he reports, but increased the 2nd-order 
amplitudes at comparable speeds in the operating 
range of the undamped engine. He announces that 
extremely low amplitudes are obtained, however, 


through the use of the pendulum type or dynamic 
damper. 


Lower overall dimensions and a greater number of 
power impulses per minute are cited as advantages 
for the Lycoming geared engine in comparison with 
4 or 6-cyl direct-drive engines developing 75 hp at 
2015 rpm. Mr. Wiegman describes one light geared 
airplane powerplant designed to reduce manufactur- 
ing costs, production tooling, and to cover a range of 
power outputs at efficient propeller speeds. 


specifications of which are shown in Table 1, was intro- 
duced first as a direct drive developing 50 hp at 2300 rpm 
(single ignition), and 55 hp at 2300 rpm (dual ignition). 
Later the output was increased to 65 hp at 2550 rpm 
(single or dual ignition) by raising the compression ratio 
to obtain 140 lb per sq in. bmep, and by increasing the 
crankshaft rpm. Increasing the crankshaft rpm further to 
3100 produced 75 hp. In order to obtain 75 hp with the 
geared engine, a speed of 3200 rpm was required due to 
reduction-gear frictional losses. 

To be more specific, the items which were changed to 
increase the output from 50 to 75 hp are as follows: 

1. The camshaft was redesigned to permit a 1/32 in. 
greater valve lift; the overlap between inlet-valve opening 








and exhaust-valve closing was increased 20 deg crankshatt 
angle, and 15 deg crankshaft angle were added to the du- 
rations of both inlet and exhaust-valve openings. These 
changes raised the volumetric efficiency of the engine, es- 
pecially at the higher speeds. 

2. Higher load valve springs are used to permit satisfac- 
tory valve action at speeds up to 4000 rpm. This 25% 
overspeed provision allows for dive operation. 

3. The carburetor venturi was enlarged from 11% in. to 
1 3/16 in. diameter to remove a slight intake restriction 
at this point. 

4. The compression ratio was changed from 5.65:1 to 
6.5:1 to increase power output and fuel economy, but it 
was necessary to use 73-octane instead of 65-octane fuels 
with the higher compression ratio to provide a margin 
against detonation. 

In order to maintain reliability at the higher output, 
austenitic exhaust valves are specified instead of Silcrome 
XCR, and austenitic exhaust valve seats replace the alumi 
num-bronze seats formerly used. These changes were 
made to obtain greater strength and reduce distortion at 
elevated temperatures. Connecting rods with replaceable 
steel-back copper-lead lined bearings are used instead of 
babbitt bonded directly to the rod at the crankpin end. 
These bearings increase the margin of safety by their abil- 
ity to carry higher loads, and the replaceable feature aids 
in servicing the engine in the field. The oil pressure to 
the engine was increased from 35 to 75 lb per sq in. to 
insure proper lubrication at the higher speeds. 


Table | — General Specification of 
Lycoming 0-145 Series Engines 


0-14S-Al 


0-145 -Bi 0-145-Cl GO-145-C! 
MODEL DIRECT DIRECT DIRECT GEARED 
ENGINE TYPE CERTIFICATE 199 210 210 210 
RATED HORSEPOWER so 6S 75 — 
RATED R.PM. 2300 2550 3100 ne ert 
COMPRESSION RATIO 5.65:1 6.5.1 6.5:1 6.5: 1 
MINIMUM OCTANE FUEL 6s 73 73 73 
CRUISING FUEL CONS. */HP/HR 0.SS 0.50 0.50 050 
Ol CONSUMPTION- MAX. “/HP/HR. 0.01 0.01 0.01 0.01 
OVERALL WIDTH — INCHES 29.56 29.56 29.56 29.56 
LENGTH - PROP. FLANGE TO REAR 23.75 23.75 23.75 28.44 
OVERALL HEIGHT ~ INCHES 20.59 20.59 20.59 20.67 
WEIGHT, LB., SINGLE IGNITION 
MINUS PROPELLER HUB ANO } 1S2 155 ISS 18! 
CYLINDER AIR BAFFLES 
SPECIFICATIONS- ALL MODELS 

TYPE AIR COOLED, TWO BANK, HORIZONTALLY OPPOSED 

NO. OF CYLINDERS 4 

BORE - INCHES 3.625 

STROKE - INCHES 3.500 

DISPLACEMENT — CU. IN. 445 





w Description of Geared Engine 


Fig. 1 shows a photograph of the geared engine. This 
is a 4-cyl, four-cycle, horizontally opposed, air-cooled en- 
gine having a bore of 3% in., a stroke of 314 in., and a 
displacement of 144.489 cu in. Cylinder block, crankcase, 
and reduction-gear casing are integral, and split vertically 
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m Fig. 2— Longitudinal section through model GO-145 geared engine 
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for assembly. The high-tensile chrome-nickel-moly iron in 
this casting is an excellent cylinder-bore material, and pro- 
vides strength and stiffness. Fig. 2 shows a longitudinal 
section through the engine. The crankshaft is forged trom BEuEE 
heat-treated alloy steel, and is equipped with two pairs of ; 
dynamic dampers tuned to the 4th and 2nd order frequen 
cies. Heat-treated cast-aluminum finned cylinder heads of 
the valve-in-head type are used, provided with 507 sq in. 
of cooling surface per head. Gravity valve-gear lubrication 
is obtained through one push-rod tube per cylinder fed by 
a well in the crankcase, which maintains a level of oil 
almost to the rocker pin in one-half of the cylinder rocker 
box. Oil is then circulated by splash and returned to the 
crankcase through the remaining push-rod tube. An oil 
sump of 4 or 8 qt capacity provided with cooling fins, to 
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the rear of the crankshaft and adjusted for the most favor 
able 4th-order resonant amplitude. Fig. 4 shows torsional 
a Fig. 3-Performance of model GO-145 engine amplitudes plotted against crankshaft rpm for undamped 
and Lanchester damped engine. It will be noted that the 
4th-order resonant amplitude is acceptable, but the 2nd 





reduce oil temperature, is attached to the bottom of crank- 
case. The induction system is composed of a vertical car 





buretor riser to a center zone where four intake pipes are 
connected to cylinders. Accessory drives are of the spur- 
gear type, and placed at the rear of the engine. 

The propeller reduction gear is composed of a carbu 
rized and hardened internal ring gear and pinion of the 
spur-gear type. The ring gear, formed integral with pro- 
peller shaft and flange, is supported by a long steel-backed 
copper-lead lined bearing. The pinion is pressed on the 
front of the crankshaft, keyed and secured with a screw 
and lock plate. This type of reduction gear, having a ratio 
of 1.588:1, permits the crankshaft and propeller shaft to 
rotate at 3200 and 2015 rpm respectively in the same di- 
rection, and the 7-in. offset allows the gear casing to blend 
nicely into the crankcase. 

Fig. 3 covers the performance of the model GO-145 en 
gine, showing full-throttle bhp, bmep, and fuel consump- 
tion at full throttle and propeller loads. 























® Crankshaft Torsional Vibration Dampers 


The first engine was run without crankshaft vibration 
dampers and with the same type of reduction gear shown 





m Fig. 5—-Geared engine crankshaft and propeller-shaft system 
in Fig. 2. The operation of this engine was very noisy due with a cross-section through the torsional-vibration dampers 
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order amplitudes are increased over the undamped engine 
in the operating range. The most favorable 2nd-order res- 
onant amplitude, wnich would come at about 3500 rpm 
with this particular damper, would be too high to be ac- 
ceptable. The size of damper used in this case was as large 
as was practical. 

It was then decided to use the pendulum-type or dy- 
namic damper which has proved so successful on large air- 
craft engines now being operated in military and airline 
service. This damper is composed of a weight in the form 
of a cylindrical segment supported on two rollers from the 
crankshaft, the roller races being so designed as to allow 
the weight to swing in an arc. Frequency tuning is ob- 
tained by adjusting center of gravity of weight, the diam- 
eters of rollers, and diameters of roller races in crankshaft 
and dynamic weight. The theory and application of this 
damper were disclosed in a paper entitled “Eliminating 
Crankshaft Torsional Vibration in Radial Aircraft En- 
gines” by E. S. Taylor." 

Fig. 5 shows the crankshaft system in its final form and 
a section through dampers. It is brought to your attention 
that a pair of 4th-order dampers are attached to the 2nd 
crankshaft cheek, and a pair of 2nd-order dampers at- 
tached to the 5th cheek. Dampers are kept in pairs so as 
to simplify crankshaft balance, and to provide sufficient 
mass in the small crankcase space available. Switching the 
pairs of dampers, that is, placing the 2nd-order weights on 
No. 2 cheek, and the 4th-order weights on No. 5 cheek, 
does not seem to affect damped crankshaft torsion to any 
extent. 

Fig. 6 shows curves of crankshaft torsional amplitude 
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a Fig. 6—Comparison of crankshaft torsional vibration between 
undamped and dynamic-damped geared engine 


against crankshaft rpm of engine with and without dy- 
namic dampers. It will be noted that torsional amplitudes 
with dampers are extremely small which results in quiet 
gear operation. This lower torsional amplitude reduces 
the gear-tooth stress, propeller stresses, reduction-gear bear- 
ing loads, and permits the use of lighter gears. It should 


1 See SAE Transactions, Vol. 31, March, 1936, pp. 81-89: “Eliminat- 
ing Crankshaft Torsional Vibration in Radial Aircraft Engines,” by 
E. S. Taylor. 


be mentioned that it is possible to design gear teeth to 
withstand crankshaft torsional amplitudes of 4 deg total, 
but the gear noise and added weight required immediately 
would place the engine in an unsatisfactory status. 

The engine, which has just been described, has been sub 
jected to hundreds of hours of endurance testing, and is 
approved by the CAA under Type Certificate No. 210. 
This model is installed in a new three-place airplane, 
shown in Fig. 7, and at present is being checked for CAA 
Airplane Type Certificate. 

In comparing this particular geared engine with a theo 





m Fig. 7—Lycoming geared engine in three-place airplane 


retical direct-drive engine, both jobs developing 75 hp at 
2015 rpm at the propeller, it is interesting to note that, 
assuming the direct drive developed 140 |b per sq in. 
bmep, a displacement of 212 cu in. would be necessary. 
The direct-drive 4-cyl engine of this displacement 
probably would have a bore and stroke around 4 1/16 in. 
square, which would be quite rough in operation at 2015 
rpm in comparison with the high-speed geared engine or, 
if a 6-cyl engine were chosen, cost and weight would in 
crease considerably. Overall dimensions of both direct 
drive 4 and 6 would increase over the geared engine in 
any event. The Lycoming geared engine produces 6400 
power impulses per minute at 2015 propeller rpm in com- 
parison with 4030 power impulses for the larger, direct 
drive, 4-cyl, and 6045 power impulses for the 6 to accom 
plish the same results. 

Comparative flight tests conducted with a direct drive 
(75 hp at 3100 rpm), and a geared engine (75 hp at 2015 
rpm propeller speed) in the same model land airplane re 
vealed that the geared engine performance was superior. 
The take-off run was reduced 27%, first-minute climb 
after take-off was 29% better, and top speed was increased 
5%. Tests conducted with a direct-drive (75 hp at 2600 
rpm) in comparison with the geared engine showed a 
reduction in take-off run of 18%, the first-minute climb 
after take-off to be 20% better, and a 3% increase in top 
speed, all in favor of the geared engine. There are no 
flight data available on geared engines in light airplanes 
equipped with floats, but even a greater improvement in 
performance over that obtained with the land plane might 
be expected. 

In conclusion, it is expected that the high-speed geared 
engine with its highly efficient, slow-turning propeller will 
oven new fields for the light airplane by effecting supe 
rior take-off and climb performance without sacrificing top 
speed, smoothness, or quietness in operation. 
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NIT FRAME AND BODY... 


by D. W. SHERMAN 


A. O. Smith Corp. 


HALL the body proper be expanded so as to permit 

the driving and running gear to be mounted directly 
on it, or shall we use a separate chassis frame in combina- 
tion with the body, the running gear, and so on being 
attached to the frame? 

Not so long ago there was a quite general feeling that 
the use of the car body as the sole supplier of the car's 
structural requirements could not help but show large 
savings in both weight and cost. Since that time a great 
deal of work has been done, experimentally, in an en- 
deavor to determine if such was the case. We know now 
that the use of a separate frame structure can result in 
certain mechanical advantages which the unitary construc- 
tion does not have. On the other hand, we know that 
the more unyielding are the various joints and connections 
of the structure, the greater the rigidity for a given weight. 
This last statement would seem to argue in favor of the 
unit design. It is necessary, therefore, to evaluate these 
qualities, and to consider their effect on car ride and their 
influence on the eventual ratio between car performance, 
car weight, and car cost. 

The problem is complex as so many factors enter in. 
It does not lend itself to mathematical analysis because 
of this complexity, and it is necessary to proceed largely 
on the basis of experimentation. Then, too, the results 
from a poorly designed job, as compared with one on 
which the designing has been well executed, may be mis- 
leading — the difference between the two structure types 
not being great enough, possibly, to offset this variable 
factor. 

We at Milwaukee, because of our association with the 
problem, have been engaged over a period of years in a 
day-by-day program of research and experimentation close- 
ly connected with the subject. Our findings and test re- 
sults, of course, have influenced our thinking, with the 
result that, along with a great deal of relevant detail in- 
formation as to the structure’s influence on car ride, we 
have certain broad, general opinions as to the worth ot 
the unitary construction as compared with the separate 
frame job. 

For this paper to present, in detail form, all of the in- 
formation leading to these opinions is, of course, impossible. 
Inasmuch, however, as opinions are interesting only in 
view of the facts on which they are based, this paper will 
outline the general scope of our research work. There are 
several major phases to the problem which will be covered 
in some detail, and the matter included, therefore, is 
grouped into a number of classifications, as follows: The 
Experimental Background, General Viewpoints, The Ride 


[This paper was presented at the Detroit Section Meeting of the 
Society, Detroit, Mich., April 29, 1940.] 
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Problem, The Structure’s Effect on the Ride (and Proper 
Interpretation of Rigidity Readings), the Car Body as a 
Structural Member, Road Noise, and Conclusions. 


mw The Experimental Background 


In conducting our experimental investigation on car ride 
and the effect on the ride of structural changes, our objec- 
tive has been a thorough understanding of the part the 
structure plays, and an understanding of the manner in 
which a change in structural properties can alter the car’s 
performance on the road. It has been hoped that such an 
investigation might lead to an understanding of many puz- 





b Fax eventual solution to the question: ‘Shall it 
be of unit design or shall it have a separate 
frame?" will be known only when a complete 
understanding is reached of the ride problem, in- 
cluding car feel and quietness, and a better under- 
standing is obtained of the structure's influence 
on these performance phases, Mr. Sherman be- 
lieves. Such knowledge, he predicts, will result 
eventually in the lightest, least-expensive and best 
performing automobile, be it unitary in structure, 
conventional, or something as yet unconsidered. 
His paper brings out some of these considerations 
which have proved to be of paramount impor- 
tance in research work conducted by his company. 


Pointing out that it is impossible to predict 
ahead of time just how a new car design will per- 
form, he contends that it will be much easier to 
adjust the job to the best rigidity range with the 
separate-frame construction than with the unitary 
construction. He shows that the stiffest all-steel 
body tested is only 1.8°/, as stiff as a true box 
having the average dimensions of a car body and 
having the same panel thickness, chiefly because 
of the door openings and the thinness and curved 
shape of the body panels. 


It is concluded that it should be possible to re- 
duce the weight of the average car of today by 
approximately 100 Ib, still maintaining its riding 
and quietness qualities, by substituting a unit con- 
struction for a separate frame. It is emphasized, 
however, that the unit-construction car probably 
will cost more and will require considerable time 
for development and alterations. A new frame 
design to replace the X-member frame is promised 
that will improve car performance. Major phases 
of the problem are grouped under the following 
headings: The Experimental Background, General 
Viewpoints, The Ride Problem, The Structure's Ef- 
fect on the Ride, The Car Body as a Structural 
Member, and Road Noise. 











zling phenomena and point the way toward an improved 
structure. 

In the main, our research has been applied more directly 
to the chassis frame than to the body structure. However, 
certain experiments have been carried on from time to time 
to indicate what, if anything, might be gained by combin- 
ing the frame integrally with the body, and to see if the 
results checked with the results expected. 

Our actual laboratory and field work dates from 1925, 
while the so-called ladder frame was still in use, and bodies 
were constructed with wood sills and floors, and fabric tops. 
At first it consisted largely of laboratory testing of the 
strength, durability, and rigidity values of frame parts of 
various designs, and of methods of joining parts so as to 
develop the best mechanical properties along with the low- 
est possible weight and cost. Because of the large produc- 
tion volume on frames, and because production was usually 
under way in a comparatively short period of time after a 
design’s conception and perfection, we had an unusually 
excellent opportunity for correlating field and laboratory 
results. Through this correlation we were enabled to de- 
velop a laboratory technique for testing the durability of 
structures which gave astonishingly accurate answers. This 
result was made possible by study of actual field failures, it 
being necessary to arrive at a laboratory test set-up which 
duplicated the forces occurring in service in order to pro- 
duce similar failures in the laboratory. This study, in turn, 
provided us with valuable information as to the type of 
forces resulting from car operation. 


m Better Understanding Sought 


Our objective through this early period was a better un- 
derstanding of the properties of light-gage load-carrying 
members, as it was apparent that they did not function 
according to figured values. It was felt that such an under- 
standing was essential if we were to contribute anything 
toward improved frame designs and reduced manufactur- 
ing costs. Here again, because of the volume concerned 
and because of the rapidity with which a program moved, 
we were able to gain a great deal of valuable information 
on the cost of various methods of accomplishing a specific 
result. This permitted us also to study, in large produc- 
tion, the work required in manufacturing a product of 
specific design and, to study it, while the reasoning back 
of the design was still fresh in our minds. 

I mention this early investigational work because it has 
had a profound effect on the manner in which our later 
research has been conducted, and it has influenced all of 
our thinking on structures, both from the standpoint of 
their mechanics and from the economic viewpoint. A 
point that, while not new, I would like to emphasize here, 
is that structures having the proportions of an automobile 
frame, and even more so in the case of a car body, do not, 
in 99% of the cases, function with any similarity what- 
soever to the conventional load-carrying member as de- 
signed from handbook formulas on stress and strain. Many 
parts having adequate figured values will fail at an early 
date, and doubtful ones may carry on indefinitely. In 
other words, members of these proportions do not act ac- 
cording to figures in most cases, either for durability or 
stiffness. Even if one is thoroughly familiar with their 
peculiarities, it is difficult to reduce their abilities to figured 
values. For this reason we are guided largely by labora- 
tory set-ups, and this is an important point for considera- 
tion if the ultimate is to be achieved in the way of light- 
ness and low cost. 
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Not long after we were under way with our laboratory 
work the rubber engine mounting came into use, and we 
were confronted with a decided lack of car rigidity. Be- 
cause of the part played by the frame, we were kept busy 
trying to devise ways and means of economically intro- 
ducing rigidity into the structure. Practically nothing 
was known about the problem at that time, except that 
nothing seemed to act the way we thought it should. (1 
remember that one of the chief engineers professed his 
willingness to specify a different color paint job on the 
frame if we thought it would help.) At that time we 
started actual car testing at Milwaukee, using current 
models each year, trying this and trying that in the hope 
that we could find at least a few reactions which followed 
a trend. Through this period the X-member frame came 
into being, and shortly afterwards the all-steel body was 
introduced. Then came independent suspension of the 
front wheels. 

For the most part our work has consisted of experimenta- 
tion with a given car on which we have altered repeatedly, 
in some manner, the rigidity of the structure. Where the 
automobile research department, because of the time ele- 
ment, has had to spend its time endeavoring to develop 
a good car, after the car has been released, we have back- 
tracked and tried to determine why the car was good, or 
bad, and why certain changes made during the car’s de- 
velopment period reacted as they did. Thus we might still 
be carrying on our program on a specific car when the 
car had been obsoleted by one or two newer models. We 
could not afford to stop until we knew all there was to 
know. Conservatively speaking, each car’s action has been 
observed with anywhere from 5 to 50 major structural 
alterations, including frames of different types, and so on. 

More closely related to the unitary structure has been 
our work on body attachments, including a variety of 
methods of tying the frame and body together, ranging 
from extreme flexibility to extreme rigidity, and experi- 
ments on trussing of the frame front end to the wind- 
shield pillars, and so on. We have built extremely rigid 
frames where weight has been disregarded. One frame’s 
stiffness alone was greater than any complete car on which 
we have figures today. Axle to axle, the torque value of 
this frame ran around 30,000 ft-lb to produce an angular 
deflection of 1 deg. Its action on the road was pretty bad. 
To find the effect of the ultimate in body rigidity, we have 
experimented with a car having no door openings. This 
job wasn’t so good either. 

Until recently our findings have appeared to be, to a 
great extent, an accumulation of disconnected car reactions 
following no particular trend. A change accounting for a 
major improvement in the ride of one car was likely to 
have no effect on another, or it might be detrimental in 
the second case. The only logical explanation seemed to 
be that of vibrational frequencies — where one area of 
vibration in the structure was brought in or out of phase 
with another by rigidity alterations — resulting in either 
a build-up or dissipation of the objectionable condition. 
There is no doubt but that this condition exists to a con- 
siderable degree, and it has an important bearing on the 
value of the unitary structure. We have been reluctant, 
however, to accept it as a condition which could not be 
alleviated to some extent, and thus permit us to predict 
more closely the road performance of any specific design. 
As a result of our continued efforts, we have now arrived 
at a point where we are able to produce quite similar ride- 
result changes in different cars by applying similar altera- 
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tions to the structural properties. Our disconnected car 
reactions in the past have been partially due to not having 
accomplished in the structure the change that we thought 
we were making, because of insufficient knowledge as to 
the relative importance of the mgidity of the car through 
various areas. However, the vibrational condition men- 
tioned earlier does exist and must be taken into account. 


m= General Viewpoints 


At first glance the integral construction will appear to 
offer real opportunities for reducing car weight and cost, 
particularly if it is assumed that the frame in the con- 
ventional design supplies all of the car’s structural needs. 
Any comparison of the proportions of frame and body 
cannot but create interest in the possibility of utilizing the 
body for structural purposes. Furthermore, we have as 
an example the success of various structures in other 
fields, wherein the so-called “stressed-skin” principle has 
been employed. It is not unnatural, therefore, that we 
have heard a great deal about the unitary design, and that 
a great deal of enthusiasm has been aroused. 

Those of us who have been actively engaged in the 
study of car ride and car structure know that a compari- 
son of frame and body dimensions is misleading, that the 
car body, from the standpoint of structural value, is far 
from what it may appear to be. We know, too, that the 
chassis frame does not supply all of the car’s structural 
requirements, that the set-up is not analogous to that of 
a platform with a house riding around on top of it, and 
that the modern frame, in fact, is proportioned purposely 
so as to be comparatively flexible and inexpensive where 
the body is stiff, and the reverse where the body section is 
weak. We have, in fact, a composite construction, except 
that the job with separate frame has certain qualities and 
possibilities that the unitary construction does not have. 
These are quite important possibilities when it comes to 
producing a well performing car at a minimum expense, 
and will be explained later. We know, too, that while 
the structural value of the sprung structure has a great 
deal to do with the car ride, a car’s performance is not 
directly related to its rigidity. In other words, a measure 
of the structure’s stiffness is not a measure of the car’s 
performance, except in a very broad sense. 

Let us say this in considering the subject of frames and 
bodies: “A general structural knowledge, no matter how 
broad nor how complete when it comes to the usual struc- 
tural problem, is of little value in determining whether 
or not the body and under structure of an automobile 
should be fabricated as one piece, unless this knowledge is 
hooked up with an exhaustive understanding of the ride 
problem as a whole, as arrived at by a great deal of experi- 
mentation with a variety of cars having considerably dif- 
ferent proportions, wheel suspensions, and so on. Struc- 
tural knowledge is only a tool; it cannot be utilized 
successfully without proper guidance in the case of the 
automobile structure.” 

The eventual solution to the question: “Shall it be 
of unit design, or shall it have a separate frame?” will 
only be known when we have a complete understand- 
ing of the ride problem, including car feel and quiet- 
ness, and a better understanding, in general, of the 
structure’s influence on these performance phases. The 
lack of this understanding, we believe, accounts for the 
fact that there is still intense discussion on the subject 
with differing opinions. Most of the written matter 
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has dealt with the subject in a very general way. It 
is our opinion that intimate and detail knowledge will 
prove to be the very essence of the solution, and that such 
information eventually will result in the lightest, least- 
expensive and best-performing automobile, be it unitary 
in structure, conventional, or something as yet uncon- 
sidered. This paper will endeavor to bring out some of 
these considerations which our work has proved to be of 
paramount importance. 


m The Ride Problem 


As pointed out earlier, the problem of car ride is ex- 
ceedingly complex. It cannot be reduced to calculations 
and, even if it were possible to do so, any given design 
probably would be obsolete before the figures were com- 
pleted. Any change in the mechanical properties of the 
sprung structure will affect the ride and so, too, will any 
considerable change in the weight of any unit, or a 
change in spring rates, shock valving, or of the rigidity of 
the suspension system or steering mechanism. In other 
words, a change of any magnitude which alters the static 
or dynamic properties of any unit will affect the ride 
result. Unless we are eventually able to improve car ride 
to a point where considerable variation in ride results 
is permissible — this variation being above some acceptable 
standard — it is doubtful whether any design will be ac- 
ceptable in the form in which it leaves the designing de- 
partment. If this is so, then it should be recognized during 
the design stages, and the design should be such that altera- 
tions can be made readily during the experimental stage; 
that is, if such a step does not impose a penalty otherwise 
which overrules its value. 

What we have, in effect, is a large complex spring with 
varying vibrational characteristics throughout its length. 
This spring is acted upon intermittently by a variety of 
forces which cause it, or any portion of it, to oscillate at its 
natural frequency as modified by the action of attaching 
members. The originating forces, of course, arise from the 
action of the wheels upon encountering obstructions in 
the road surface. 

The energy introduced into the wheel at impact with a 
road obstruction is dissipated by repeated displacement 
of the sprung structure and by conversion into heat, the 
heat absorption resulting from the use of shock absorbers, 
and friction between moving parts of the structure. 

In providing springs to reduce the force of the blow 
and thus prevent overloading of the structure and objec- 
tionable passenger reaction we, of course, dissipate the 
energy resulting from the blow over a prolonged period 
of time. This lengthening of the dissipation period has 
some harmful effect because of the resulting action of the 
sprung structure, as will be explained later. 


w The Structure's Effect on the Ride 


If we consider an automobile chassis moving over an 
uneven road and without the body in place, it will be 
noted that the wheels act about as they please. The springs 
deflect very little, and the instantaneous force resulting 
from wheel displacement is low. If we add the car body, we 
find the action of the running gear is very different from 
the first case. Springs deflect, and the wheel action is 
modified. The fact that the body adds mass to the unit 


and that, because of its mass, the body resists displacement 
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is, of course, responsible for this modification of the sus- 
pension’s action. 

The forces resulting from wheel action will be much 
greater in the second case than in the first. The point 
which we wish to bring out now is that the rigidity of 
the structure and also of the suspension parts (springs, 
shock absorbers, and so on, remaining unchanged) can 
have a decided effect on the magnitude and type of forces 
resulting from the wheel action, even though the con- 
trolling mass effect is the same in all cases. If these forces 
have sufficient magnitude to disturb wheel action badly, 
it can result in a further build-up of additional forces 
resulting from the gyroscopic tendency of the revolving 
wheels. A relatively small change in the rigidity will mod- 
ify these forces, and changes of magnitude can have a 
serious effect on the car ride. We have had, experimen- 
tally, cars which have been virtually unmanageable due to 
this condition. 


w Effect of Gyroscopic Action 


We are all familiar with the gyroscopic action existing 
in rotating bodies resulting from a body’s resistance, when 
in motion, to any effort tending to deflect it from straight- 
line travel. If it were possible to have a geometry set-up 
for wheel suspensions which accommodated perfectly and 
at all times the natural desires of the wheels as they go 
through their movements, the rigidity of the structure 
would not affect the forces resulting from wheel displace- 
ment in so far as the gyroscopic tendency is concerned. 
Although we can come close, it is not possible so far as we 
know, to obtain such a perfect tie-up for the wheels. 

As the wheel travels upward or downward, in effect, it 
runs into interference with the natural inclinations of the 
sprung mass, due to incorrect geometry. If the connecting 
means between the body and the wheels is exceedingly 
rigid, a very high force will exist between the two. This 
force can result in objectionable displacement of the sprung 
structure, and it can cause the wheels to be deflected from 
their course. If the latter is the case, additional forces are 
immediately set up, which are due, again, to the gyro- 
scopic action, and the condition becomes acute. 

Now with a good geometry layout the interference be- 
tween desired wheel travel and momentary body position 
may be very small as measured in inches. A very slight 
yielding, therefore, of any part of the structure may be all 
that is needed to insure against any force build-up. On 
the other hand, because the resistance to displacement of 
either mass reacts instantaneously, the forces can be very 
high if the connecting means is unyielding. 

There is another condition which exists wherein the tie- 
up between the wheels and upper structure can influence 
the performance of the car to a great extent. In this case 
a reduction in the force originating at the wheel results in 
bad car action. If the tie between the running gear and 
upper structure is too loose-jointed, there will be an ex- 
tended time element before the wheel comes to rest. A 
particular case would be that of lateral wheel movement 
where semi-elliptic leaf springs are used as the suspension 
means. Measurements will show that, in driving a car over 
a road of average roughness, lateral forces are applied to 
the upperstructure ranging upwards of 2000 lb. If the con- 
necting means be very yielding, this force will be reduced. 
The magnitude of the displacement between wheels and 
body will, of course, be increased, and the wheel move- 
ment will be repeated a greater number of times. In thus 
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prolonging the action, a synchronous condition is set up 

the body structure tuning in with the wheel action, result 
ing in a build-up of body movement which is apparent to 
the car passenger as a violent distortion of the structure. 
It was to cure this condition that we decided to try the so 
called “track bar” or transverse link, tying the rear axle 
directly to the frame. While, naturally, the instantaneous 
force would be increased by adding this tie, the body mass, 
it was felt, should act instantly to reduce repetitious wheel 
action. It was our thought that one severe jolt would not 
be as objectionable as a series of actions resulting in exces- 
sive body distortion, this action being prolonged to a point 
where it impressed itself upon the passenger’s senses. This 
proved to be the case. The car with the track bar will 
seem much more solid and stable, but there will be a side 
feel to the job which has been called “the track-bar feel.” 

The reason for mentioning the importance of the tie 
between body and wheels is the fact that the separate frame 
provides a means for varying its resistance. If we take a 
car body having a stiffness factor of, say, 5000 ft-lb per deg 
deflection overall in torsion, and add to it a frame of 2000 
ft-lb per deg, the stiffness of the assembly can range from 
the direct sum of these rigidity figures to a value consider 
ably higher, depending upon the rigidity of the tie-up. 
Soft rubber mountings would represent one extreme; metal 
to-metal mountings or welded connections, the other. This 
is where the unit construction has its chance to show a 
higher rigidity-weight ratio. In the foregoing case a sepa 
rate frame with soft-rubber body connections should have 
ati overall stiffness factor of approximately 7ooo ft-lb per 
deg. The solid job may show a reading of 10,000 to 15,000 
fi-lb per deg. It will be noted, however, that a number of 
cars have not taken advantage of the rigidity obtainable by 
the use of rigid connections but are using rubber inserts. 

We have determined quite well that an overall car rigid 
ity of not less than 5000 ft-lb per deg is all that is needed 
for a solid automobile. If, however, as explained earlier, 
the connection between wheels and body is to one extreme 
or the other for rigidity, the car action may be very harsh, 
or it may be extremely sloppy. This will be true with a 
torque value of 5000 ft-lb per deg, and it will also be true 
with a torque value of 50,000 ft-lb per deg. In the latter 
case the tie-up will probably be on the rigid side, and the 
car will be harsh and disagreeable. 

It is impossible to predict ahead of time just how a new 
car design will perform. If very stiff, it probably will verge 
on the harsh side; if very weak, it probably will be rubbery. 
This result cannot be foretold with any great degree of 
accuracy, and herein lies one of the chief advantages of 
the separate frame. With the unitary design it will be 
difficult to tune the job to the best rigidity range but, with 
the separate-frame job, this can be done quite readily, per 
mitting the most favorable set of conditions to be intro 
duced. This is accomplished by varying the hardness of 
the body shimming. Thus, in the case earlier mentioned, 
the rigidity could be varied from 7000 to say 15,000 ft-lb 
per deg. (It should be stated here, however, that we have 
discovered just recently that our designs, so far, have not 
allowed us to obtain full advantage of this inherent ratio 
between the values of the frame and body separately, and 
of the two together.) We can liken the frame and body to 
a leaf spring having two leaves, and the unit job to a leaf 
spring having only one leaf. If the leaves of the two-leat 
spring are fixed so that they cannot slide upon each other, 
the spring will be the same as the single-leaf spring. With 
the two-leaf spring, however, we can alter its characteristics 
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by decreasing or increasing the resistance between the 
leaves, and we also can dissipate energy by introducing 
inserts which have high damping value. 

Presuming now that the exciting forces are the same in 
all cases, these forces will cause a body reaction, the char 
acteristics of which are determined by the structural prop 
erties of the body and chassis and the magnitude of their 
forces, but this rigidity is a controlling factor in the move 
ments which take place in the structure for a given exciting 
mass. We have, then, another variable. Not only does the 
rigidity of the sprung structure modify the actual exciting 
force. It can thus be seen how impossible it is to predict 
the performance of a new car on the road, and how im 
portant the ability to vary readily the stiffness of the struc 
ture can be in the experimental stages. 

While the body mountings constitute a vital tuning ele 
ment (and will prove, in the near future, to have an even 
greater effect than we know of today, we believe), adjust 
ment of body mountings is not the only way in which the 
structure's properties can be altered. This alteration can 
be accomplished, too, by changes to the members going to 
make up the structure. Here, again, the separate frame has 
value as it permits changes to be made quite readily during 
the experimental stages. In the development of a new 
automobile today as many as four or five different frame 
set-ups will be tried out, each frame having different rigid 
ity factors as introduced by larger or smaller dimensions, 
different material thicknesses, the addition or omission of 
cross members, and so on. All of this experimentation has 
only one objective — the tuning of the structure so as to 
obtain the most desirable ride. Because of the close tie-up 
between the under structure and body sheet metal in the 
unit design, and because changes to the under structure 
will affect costly and elaborate dies, it is doubtful if the unit 
design will lend itself to structural alterations of this sort 
during the comparatively short period of time available for 
model development. Regardless of all other considerations, 
therefore, the performance of a car having unitary con 
struction must be such that these alterations are not re 
quired. This means, of course, that the unit design must 
have inherent qualities which cause the car ride to be 
improved to a point where it is satisfactory from the start. 
Our work has not indicated this to be the case. 

While, as has been stated, it is impossible to foresee with 
any accuracy just what a car’s road performance will be, 
we do know that the frame and body’s rigidity must be 
within a certain broad range. It is necessary, therefore, to 
measure this rigidity so as to analyze properly the car’s 
action and to know in what direction to move to arrive at 
a satisfactory job. A thorough understanding of the sub 
ject through experimentation is necessary if the readings 
are to be evaluated properly. It has been quite common 
practice to take a measurement between axle centers, both 
for torsion and beam, and use this overall figure in the 
analysis. We know, now, that an overall reading of this 
sort does not represent a true picture of the structure’s 
value. Let us say that one set-up measures 5000 ft-lb per 
deg between axle centers, and another 8000 ft-lb per deg. 
Upon road testing, the car with the stiffer structure shakes 
badly while the weaker one is solid. Now this result may 
be due to the magnitude of the exciting forces, as explained 
earlier, but it also may be due to the fact that the stiffer one 
is actually weaker through some vital section. The struc 
ture can be likened to a circular tube having a large diam 
eter at one end and a smaller diameter at the opposite end. 
This tube will have different vibrational characteristics than 
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a straight tube having the same overall deflection rate. ‘The 
stiffness of the structure must be known throughout its 
length, and we must know from experience just where 
stiffness is important and where its lack is not likely to be 
harmful. We could elaborate on this to quite great lengths 
if space permitted. As a general rule, however, our experi 
ence indicates the following to be true: 

A. The rigidity of that part of the structure lying to the 
rear of the rear seat is important, in general, only in so far 
as it affects the durability of the structure and prevents 
squeaks and rattles. 

B. The rigidity from dash to rear seat is important, as 
it affects the action of the seats and, consequently, the 
“feel.” 

C. The rigidity from instrument panel to steering-geat 
mounting is important, as it controls the “feel” of the 
wheel in the driver’s hand. 

D. The rigidity of that part of the structure lying ahead 
of the body is important only in so far as it affects front 
wheel action, and thus, the exciting forces. 


mw The Car Body as a Structural Member 


Unless we view the car body with the doors standing 
open, we are apt to visualize it as a large box structure 
which, of course, would be extremely rigid. While any 
thought on the subject will prove this to be untrue, it is 
interesting to know just how close to a true box structure 
the body actually is. This is of help, too, in getting our 
thoughts into the proper range. 

The stiffest all-steel body we have tested — and this body 
is quite stiff as car rigidity goes—has a torque value of 
10,702 ft-lb per deg. The calculated stiffness of a true box 
having the average dimensions of a car body, and having 
the same panel thickness, approximates 600,000 ft-lb per 
deg. Even a true box, because of the thin panels, would 
not actually have this calculated stiffness, but we are apt 
to assume that it would and that the car body would too. 
It is interesting to see, then, that the car body is only 1.8% 
as stiff as what it might appear to be. 

For bending we can arrive at a proper viewpoint in a 
somewhat different manner. As we view a chassis frame 
and body we are apt to wonder how the frame can com 
pete at all with the seeming inherent stiffness of an all-steel 
welded body. If we add this body to its frame we find that 
frame deflection is reduced by 51%. This seems like a 
large percentage gain, and it is, but it is interesting to note 
what would need to be done to the frame section to achieve 
the same result. The section of this frame is 5% x 2 3/16 
x 7/64 in. To reduce the deflection of the frame alone to the 
deflection of the frame and body together, we would need 
to increase the average section’s depth by 2 in., which would 
require a weight increase of, roughly, 7% lb. Now, to be 
sure, a more efficient tie-up between frame and body would 
result in a larger gain, but it is interesting to note that the 
frame is an important part of the whole. The reason for 
the frame playing as important a part as it does is the fact 
that door openings are required in the car body. 

In considering the bending stiffness of a car body, we 
find two conditions which exist. One is the deflection of 
the body structure overall, and the other is deflection of 
the floor under the door openings. A curve taken off the 
floor is very erratic, due to the fact that the front and rear 
body sections have a guiding effect on the comparatively 
weak section under the doors, and the center pillar sup 
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ports the floor section somewhat because of the resistance 
of the roof. It is very important that we have a reasonably 
good beam member through this door area. The frame 
serves this purpose, and the only major means by which 
the unitary structure could save weight over the job with 
separate frame is by doing a more efficient job on attach- 
ment of this beam to the body structure. If, overall, such 
am increase will result in better car performance at less 
expense, it is doubtful, in our opinion, if we must resort to 
welding, unless the welding is cheaper or there is some 
other value in it of which we are unaware. The structural 
problem is one of stiffness, not of strength, and a very few 
bolts, if properly located, can furnish all the strength re- 
quirements. It is necessary only to attach the members 
together so that the body sheet metal cannot buckle be- 
tween ties. 

If that section of the body side panels lying ahead of the 
front doors is anchored poorly to the beams extending 
under the door openings, the roof will not be used as 
efhiciently for guiding the ends of these beams as it could 
be. So-called trussing of the front end to the windshield 
pillars will eliminate any such weakness, but our studies 
do not indicate it to be necessary to use trussing for this 
purpose. Sufficient side panel is available between door 
and cowl to do a good job of stressing up the pillars if the 
anchorage is made properly. In our opinion then, the only 
saving to be made by adding trusses to the front is what 
ever weight can be saved in that part of the structure lying 
ahead of the body proper. Taking into consideration the 
weight of the truss pieces themselves, we would anticipate 
a possible weight reduction of, say 15 lb. The cost reduc 
tion due to the material saving should approximate 30c, 
but the additional labor probably will more than offset this 
saving and a cost penalty would result. If, in introducing 
this trussing, the wheel forces are increased, a vicious 
circle may result. Should this occur, the cost and weight 
may get out of hand. 

Our experience indicates that noise may become quite a 
problem where the front end is trussed. While it has been 
suggested that cushioning can be introduced at the suspen- 
sion proper, any designs along these lines that we have 
seen appear to be quite costly. Unit pressures are high, and 
a large amount of cushioning material is required if ade 
quate carrying capacity is to be obtained. This arrange 
ment, in turn, is conducive to low deflection rates and 
introduces the problem of car control, particularly at high 
speeds and under bad wind conditions. This is not to say 
that a satisfactory result cannot be obtained if the cushion 
ing material is confined suitably, but the construction does 
appear to be such that its adoption will be accompanied by 
a distinct cost penalty. All in all, therefore, it would seem 
to us that this possible means for reducing weight should 
be approached cautiously. 

We will now consider the torsional properties of the car 
body. First, why is the all-steel body mentioned earlier 
only 1.8% as good as an ideal box structure? The primary 
cause, of course, is the door openings. Along with this is 
the inability of the body panels to carry loads because of 
their thinness and curved shapes. We know that a straight, 
thin panel can be very efficient; with the slightest curvature, 
however, its carrying capacity is lost unless the curved 
portion is supported properly. Such reinforcing in a car 
body would be very costly. 

To indicate what can be done to increase body stiffness, 
we shall compare a 1938 all-steel body and a later model 
introduced by the same company. Structurally speaking, 
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the major difference between the two bodies is in the side 
sills and roof rails. Both have light-gage box-section side 
sills, and the later model has box-section roof rails. The 
new body, because of a changed contour through the trunk 
area, is considerably weaker than the old through this sec 
tion. Through the door openings, however, its stiffness is 
increased by approximately 42%. 
lyze the reason for this increase. 


It is interesting to ana 


First to consider is the fact that the roof rails on the new 
body have some torsional value in themselves, and that the 
new side sills have a higher torsional value than the old 
sills. We are speaking of an increase in torsional rigidity 
of the structure as a whole of 6000 ft-lb per deg. If, in a 
structural member of this type, a member is added which 
has torsional value in itself, the effect of its torsional rigid 
ity on the torsional rigidity of the entire structure, overall, 
will be the same as its individual stiffness. This will bi 
the case regardless of its position relative to the axis of the 
entire structure. The increase in torsional value of the sic 
sills amounts to 68 ftlb per deg, of deflection through the 
body length spanned by these members. The torsional 
value of the roof rails is so negligible that its effect on the 
structure must be disregarded. The torsional value, there 
fore, of the side sills and roof rails does not account for 
6000 ft-lb per deg increase in body stiffness. 

If one or more of the diagonals in a truss are missing, 
the structure is no longer a truss and, in fact, it will col 
lapse if the joints are pivotal. If the joints are fixed, the 
structure will have some stiffness, depending upon the re 
sistance of the remaining members to bending and_ the 
efficacy of the joints. In the automobile body the door 
openings result in a condition as just outlined. The body 
has some stiffness, depending upon the bending stiffness ot 
the sections surrounding the door openings, and the stifl 
ness of the joints at the wheel house, center pillar, and so 
on. It appears that the increase in body stiffness resulted 
from an increase in bending rigidity of the roof rails and 
side sills, the sills being increased by 48% and the root 
rails by approximately 40%. If this is true, then it would 
seem that the increase could have been obtained more eco 
nomically with open sections, unless the box section is re 
quired for some other purpose. 


mw Road Noise 


The insulation between frame and body has had con 
siderable value in reducing road noise level. It has been 
felt that the unit design would have a real problem in this 
respect, and this condition has proved to be true in some 
cases. While we cannot go into detail on the subject at 
this time, we would like to say that our investigations indi 
cate it to be possible for a unitary set-up to be about as 
quiet as the average car of today if the design is given 
proper treatment. On the other hand, the same treatment 
applied to a separate frame job with insulated body mount 
ings will, we expect, result in a noise level far lower than 
we can hope to obtain with the unit design. 


uw Conclusions 


This paper has endeavored to outline in a general way 


the problems which our work indicates must be considered. 


The subject is one which involves a great deal of detail 
too much to be covered in a paper of this sort. It is hoped 
that our background has been sufficiently outlined, and 
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suficient information presented, to act as a basis for the 
following concluding opinions. It will be understood that 
these opinions are based on our understanding of the prob 
lem as of today. There is more to be learned, and future 
work may modify our present conclusions: 

1. By substituting a unit type construction for a separate 
frame it should be possible, we believe, to reduce the 
weight of the average car of today by approximately 100 |b, 
still maintaining its riding and quietness qualities. To ac- 
complish this result there must be no restriction on the 
time available for development. While the preliminary 
design might fall fortunately within a desirable range of 
conditions, it probably will not and, for the reasons out- 
lined earlier, considerable time will be required for struc 
tural alterations. 

Under the most tavorable circumstances we would expect 
the cost of this car to be somewhat higher than the car 
with separate frame. Should models be changed yearly, it 
is doubtful if weight could be saved, and the cost might 
get out of hand. 

2. Considering the car body and frame purely as a struc- 
ture, it should be possible to achieve practically the same 
rigidity-weight ratio with bolted connections between low 
er and upper structure as with welded connections. The 
welded set-up might save 25 lb. 

3. The separate framé and body is due for considerable 
improvement within the next few years. X-members are 
on the way out; we have demonstrated other means for 
introducing adequate rigidity. The next step, and a step 
which looks very promising at this stage of the game, 
should result in a decided improvement in car performance. 
This improvement, we believe, will be such that a new 
standard will be set for a car performance, one which can 
not be obtained without a separate frame. 


In closing we would like to call attention to a car which, 
we believe, is on the way toward the type of ride we ought 
to have —the achievement of which will, in our opinion, 
require a separate frame. This is the Cadillac Sixty Special. 
This car, while having only average structural rigidity, has 
a softness and nicety of ride which are very agreeable to the 
car passenger, and it has caused considerable comment. It 
has a distinctly different feeling —the opposite of the feel 
of the unitary design. While the unit design may be free 
from shake, it is likely to have a feeling of restraint verg 
ing on harshness. While, in driving over a rough road the 
car may be quite solid and seem to do a good job of con 
tending with the road surface, the road, nevertheless, is 
apt to seem quite rough to the passenger. In riding over 
the same road in the Cadillac it will appear to the passenger 
as though the road has been repaired —the ride will be 
smooth and soft with no particular effort apparent, and the 
car will feel mellow and luxurious. 

In discussing the Cadillac car with various engineers it 
has been stated that a great deal of cost has gone into the 
car so as to achieve this ride result. The Cadillac engineers, 
however, tell us that they spent less time on the ride de 
velopment of the 60 Model than they spent on any other 
car which they have built. The ride was a natural from the 
start. We have evidence which indicates that this Cadillac 
car has certain qualities in its structure which are respon 
sible for its successfulness, and it appears that this type of 
ride can be obtained on other cars, and not with the neces 
sity for more expense, but less. Should our evidence prove 
to be correct, it should be possible to obtain these desirable 
qualities as a general rule, and this need not be limited to 
long-wheel-base automobiles. If it is correct, then the use 


of a separate frame is essential if we are to obtain this 
result. 





Development of Butane 


AST — This most fascinating and rapidly growing in 

dustry was born during the early months of 1928. At 
this time engineers of the Richfield Oil Co. decided that 
it was high time to harness some of the tremendous quan- 
tities of butanes and propanes that were being blown or 
torched to the open air. 

Early in 1933 a company known as the Holzapfel In- 
strument Co. was organized for the purpose of manutac 
turing and selling butane instruments. Before the year 
was over two more manufacturers invaded the field and 
the race was on. 

Presuust_ (1936-1940) — During the next two years many 
major oi! companies were becoming interested and truck 
and tractor operators were now trying this new fuel out in 
their various operations. 

At this time the Griffith Co. purchased 30 new butane 
operated trucks to move seven and one-half million cubic 
yards of dirt at Cajalco Dam. One and one-quarter mil 
lion liquid gallons of butane were consumed with a sub 
sequent saving of approximately $60,000 in fuel costs 
alone. Thousands upon thousands of individual truck 
operators have converted their gasoline-operated trucks to 
burn butane. It is safe to say that between 14,000 and 
16,000 units (trucks, buses and tractors) are now operating 
on the Pacific Coast using butane as a motor fuel. 

To show the remarkable growth of this industry the 
tollowing figures will speak for themselves: During 1928 
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as a Motor-Iruck Fuel 


less than one-half million gal of butane were consumed in 
industrial operations. In 1939 this figure skyrocketed to 
128,000,000 gal for the same use. This latter figure is ex 
clusive of all butane gas used in the bottled gas industry. 

Future — The future of the butane industry (so far as 
the motor truck is concerned) lies in the hands of the 
engine manufacturer. During the past 12 years we have 
been converting wet fuel engines to burn dry gas. 

This has been done with a remarkable degree of success, 
but cannot possibly approach what can be done if the 
engine is designed specifically for dry-gas operation. 

The butane engine of the future should have the follow 
ing characteristics: 

First: From 8 to ro:1 compression pressure ratio. (To 
utilize fully 100 to 110 octane rating.) 

Second: Crankshaft, connecting rods, and all bearings 
constructed to withstand the pressures thus created. 

Third: Extremely cold intake manifolding (refrigerated 
it possible to increase volumetric efficiency.) 

Fourth: Ignition systems that will operate on the above 
ratios and give 100,000 miles of uninterrupted service. 

Excerpts from the paper: “History and Future of Butane 
as a Motor-Truck Fuel,” by F. E. Tattersfield, Electric ¢ 
Carburetor Engineering Co., presented at the Southern 
California Meeting of the Society, Los Angeles, Calif., May 
10, 1940. 
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AXLE and TRANSMISSION 


NE method of estimating future trends is to review the 

past. As the recommendations of the car manufacturers 
to their customers of the kind of lubricant to be used in 
their product probably include the most important prop 
erties of the lubricant, an examination of these recommen- 
dations should reveal any important trends in_ the 
development of the part to be lubricated. The following 
analysis, given in Tables 1 to 7, is based on the recommen- 
dations of the same 15 car manufacturers for the ten-year 
period from 1931 to 1940. The data on which this analysis 
is based were furnished through the courtesy of J. Howard 
Pile of the Chek-Chart Corp. A general review of the 
recommendations for this period indicates that the two 
most obvious items in the recommendations upon which 
to base an analysis are the changes in seasonal recommen 
dations and the viscosity classification of the lubricant. 
Because of the difference in the recommendations for trans- 
mission and rear-axle lubricants, separate tabulations have 
been made in some items. 

The first natural question is: “How many times a year 
should the lubricant be changed?” During this period, as 
shown in Table 1, the majority of the manufacturers have 
recommended two or more seasonal changes, although 
there has been a slow increase in the number recommend 
ing a single all-season lubricant. The use of three and four 
seasonal changes has disappeared entirely for both trans 
missions and rear axles, and this change occurred in the 
case of rear axles two years before it did in the case of 
transmissions. This change in the case of rear axles prob- 
ably was hastened by the rather general use of hypoid gears 
and hypoid lubricants. 





Table | — Number of Car Manufacturers’ Recommenda- 
tions of One, Two, Three, or Four Seasonal Lubricant 
Changes (1931 to 1940) 


Transmission 
Year 3) °32 °33 "34 °35 "36 °37 °38 "30 °40 
One season . 1 > 2 2 oe Se. 8 
Two seasons _. rs. @ in 2. 2.206 8 
Three seasons P- oa. = & @& F 
Four seasons . 2°22 ~ 1 
Totals 12 14 15 16 16 17 18 17 18 16 
Rear Axle 
Year "31 °32 °33 ‘34 36 °36 °37 '36 °39 °40 
One season a i ee. 3 3 6 4 5 4 
Two seasons __. aa ok eS. Se 2h. we TN 
Three seasons _. Se a Se a S&S 
Four seasons 1 
Totals 11 15 15 18 16 16 17 15 15 15 
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HE majority of car manufacturers recommended 

to their customers two or more seasonal changes 
of axle and transmission lubricants on 1931 to 1940 
cars, Mr. James reports. He also notes a slow in- 
crease in the number recommending a single all- 
season lubricant and that the use of three and four 
seasonal changes now has disappeared. 


Answering the question: “Why do not the manu- 
facturers agree on a set of temperature ranges for 
the recommendation of seasonal changes for trans- 
mission and for rear-axle lubricants or both, so that 
their customers will not be confused from year to 
year?” he assures that they would do so just as they 
have done in the case of temperature ranges for 
motor oils. 


Emphasizing the importance of the temperatures, 
pressures, and rubbing speeds encountered in rear- 
axle and transmission gearing, he states that they 
are probably the most important factors in the 
selection of suitable lubricants. 


The considerable data presented in this paper 
include results of tests on seven hypoid lubricants 
made on the dynamometer and in trucks on the 
road; comparisons of carrier stiffness and correc- 
tive gear cutting for rear axles; and test results on 
five present-day test machines for three of the cur- 
rent types of hypoid lubricants. 





The answer to the question: “How were the various 
seasons defined?” is given in Tables 2, 3, 4, and 5. Tables 
2 and 3 show the various descriptive phrases and tempera 
ture ranges used and the manufacturers using three. sea 
sonal changes from 1931 to 1940. The terms used for the 
“warm” and “mild” seasons differ widely with no apparent 
trend toward agreement. The definitions for “cold” sea 
sons, as “below oF,” show the only general agreement and 
this is more pronounced with transmission than with rear 
axle recommendations. Tables 4 and 5 show the definitions 
for “warm” and “cold” seasons and the various manu 
facturers using each. In the case of recommendations for 
two seasonal changes, the descriptive phrases “summer” 
and “winter” have been more generally used than speciti 
temperatures until the last few years when a number ot 


manufacturers are using — 10F as a dividing point. This 


{This paper was presented at the Annual Meeting of the Society, 
Detroit, Mich., Jan. 16, 1940.] 
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Tables 2 to 5- The Number of Manufacturers’ Recommendations and the Descriptions of Seasons as Recom- 
mended from 1931 to 1940 (Same 15 Cars Used Throughout Period) 














TABLE 2— FOR THREE SEASONAL CHANGES OF TRANSMIS TABLE 4—FOR TWO SEASONAL CHANGES OF TRANSMIS 
SION LUBRICANT SION LUBRICANT 
Year 31 +°32 °33 °34 °35 °36 °37 °38 °39 °40 Year 31 °32 °33 °34 °35 ‘°36 °37 °38 °39 °40 
Warm Warm 
Summer 8 2. oe Se Summer Sf £4 2 2 s. ee 
Above 50 F £4 Above 60 F 1 : 2 -S2 ea, 5 
Above 40 F  .. 2 eee Above 50 F 1 
Above 35 F ® 2 7 Above 40 F 1 1 
Above 32 F . 2. te & - @ Above 32 F ge. 4 
Over 30 F 1 Above 0 F 
All Year Most 
, Territories 1 
Winter Mild ey All Seasons Be 
50 to 0 F ‘<< 4 Above —10 F 1 § 
40 to 0 F 1 
35 to 15 F 1 1 Cold 
32 to OF oe Sek Ss 2 3 Winter 454444765 5 
30 to 0 F 1 
Cold Weather 1 
Above 15 F 1 1 1 
Below 60 F 1 oe ee. ee 
Above 10 F 1 2 Below 50 F 1 
Above 0 F 2s. + & 4.3 Below 40 F 1 
Below 20 F - @ Fz Bie 
Cold 32 toO F 2 1 
Extreme Cold 1 Below 0 F 
Extreme Winter . 9 Above 0 F 1 
15 to —15 F 1. Extreme Low 
10 to —5 F 1 Temperatures 1 
Below 0 F a a ; ? @ 2 @ Low Temperatures 1 1 
Above —15 F .- =e 1 Below —10 F 1 5 
ABLE 3-FOR THREE SEASONAL CHANGES OF REAR-AXLE | TABLE 5—-FOR TWO SEASONAL CHANGES OF REAR-AXLE 
LUBRICANT LUBRICANT 
Year 31 +°32 °33 °34 °35 °36 °37 °38 °39 °40 Year aA zBRBaAtA-aTpawawsa PT BS 
Ww Warm 
_ Summer ste 2 tt CS Se 
Summer 1 4 4 1 2 @ Above 60 F 1 1 1 
Above 50 F 1 1 Above 50 F 1 
Above 40 F 1 Above 40 F 1 
Above 35 F 4 ££ 4 Above 32 F a ae 
Above 32 F . ££ = t+ 3 2 Above 10 F 1 
Above 0 F e- 3.9 
Above —10 F 3 £ € 
All Seasons—Most 
Territories 1 1 1 
Mild Summer or Normal , : : 
Winter 
Moderate Temp. 1 4 
Moderate Winter z @ paren! hn 1 1 
Winter 24 All Seasons 1 
60 to 0 F ao 4 
40 to 0 F 1 Cold 
35 to 15 F oe ee ae Winter s & 8 6 6 4°8 te a 
32 to 0 F 7-2 -@ £ePes Cold Weather 1 
Above 0 F L Below 60 F 1 be On8 
Below 50 F 1 
Below 40 F 1 
Below 32 F 1 1 1 
Below 20 F a? 2a es A ee 
Cold Below 10 F ba 
Winter 1 - @ Below 0 F 1 a #3 
Extreme Winter 1 1 Below —10 F 3 4 4 
15 to —15 F 2 7 Extreme Cold 1 
Below 0 F a. &4 6 &.2 2 Extremely Cold 
Above —15 F 1 | Climates 1 i. 2 
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Table 6— Temperatures Used as Dividing Points in Sea- 

sonal Recommendations for Transmission and Rear-Axle 

Lubricant Changes in 15 Car Manufacturers’ Recom- 
mendations from 1931 to 1940 





Percentage of Number 


Number of Times Used of Times Used 





Tempera- Trans- Rear Trans- Rear 
ture, F mission Axle Total mission Axle Total 


60 14 10 24 5% 6, 6, 
50 8 6 14 3 4d 3 
40 24 4 28 10 2 7 
35 7 8 15 3 5 4 
32 41 31 72 16 19 17 
30 2 0 2 1 0 0 
20 14 14 28 6 8 7 
15 7 8 15 5 4 
10 5 3 8 2 2 2 
0 105 55 160 42 33 39 
— § 1 0 1 1 0 0 
—10 12 22 34 5 13 8 
—15 9 5 14 3 3 3 

Total 249 166 415 100°, 100°, 100°; 





practice is in line with some other recommendations for a 
single lubricant for all seasons in most sections of the 
country and another for very cold climates. 

At this point one might ask: “Why do not the manu- 
facturers agree on a set of temperature ranges for the 
recommendation of seasonal changes for transmission and 
for rear-axle lubricants, or both, so that their customers will 
not be confused from year to year?” The answer to this 
question is that they will do so just as they have done in 
the case of temperature ranges for motor oils. In the cases 
where specific temperatures were used to define seasons 
from 1931 to 1940, Table 6 shows that, during that period 
“o” and “32” were used more frequently than any other 
temperatures. This was probably because these tempera 
tures are more generally used as reference points in that 
common topic of conversation, the weather. 

After the questions in connection with seasonal changes, 
the next item of interest would be: “What kind of lubri 
cants were recommended?” The kind of lubricant recom 
mended, as identified by the SAE viscosity number, is 
shown in Table 7. Since 1931 and 1932 there has been a 
very definite increase in the number of recommendations 
for the lighter lubricants. The recommendations for the 
use of motor oils for transmissions is due to the require 
ments of overdrives and even in the case of these units, 
there is an indication that lighter-bodied lubricants will be 
recommended. 

No tabular classification of the types of oil recom 
mended — that is, hypoid, E.P., and so on — has been made 
because of the obvious requirements for hypoid axles and 
the confusion which surrounds the term “E.P.” It is still 
a question as to whether or not there will continue to be the 
present division between rear-axle lubricant, particularly 
“hypoid,” and transmission lubricant, particularly for over 
drives. Will the result be the use of an engine oil being 
used in the transmission or the use of a hypoid lubricant 
in the transmission ? 

The review of the various recommendations of the car 
manufacturers for the last ten years indicates, as is well 
known, that the general use of hypoid gears in the rear 
axle has been the most outstanding change in gear lubricant 


requirements. During the few years that hypoid gears 
have been in general use a great deal of excellent work has 
been done in determining their lubrication requirements, 
and it is far beyond the scope of this paper to even attempt 
to outline this work. However, the lubrication of a 
mechanism like a transmission or a hypoid axle is in some 
ways like exporting goods to a fast-developing country. Ii 
the climate of the country is hot and torrid, refrigerating 
machinery should be exported, not furnaces. If the people 
are of a high-pressure and fast-moving type, as they 
develop, they will want telephones, radios, cars, airplanes, 
machine tools, movies, and more and more of all things 
which will let them give vent to their natural desire for 
a high-pressure and fast-moving life. To continue the 
rather rough parallel, this paper is like a consular report 
attempting to describe the foreign lands of transmissions 
and rear axles as we know them today so that the goods, 
that is lubricants, most suitable to the climate and the 
people of these countries can be supplied them. 

The temperatures, pressures, and rubbing speeds en 
countered in gearing are probably the most important fac 
tors in the selection of suftable lubricants. The gear-tooth 
loads on transmission teeth are, in all probability, limited 
by the fatigue strength of the tooth rather than by the 
failure of the tooth surface from high unit loads and a 
rapid sliding motion between the meshing teeth. For this 





Table 7—The Number of Car Manufacturers Recom- 

mending Transmission Lubricants by Various SAE Gear- 

Lubricant and Motor-Oil Numbers from 1931 to 1940 

(Recommendations of the Same 15 Cars Throughout the 
Period) 


Year "31°32 °33 °34 '35 °36 °37 °38 °39 °40 


SAE Numbers 


Gear Lubricants Number of Car Manufacturers 


250 e 3 

160 e's 6 60 tm? 3s 2 

140 S + 3 

110 . 2 2° 8 2 1 1 1 

90 ’ Wd HH 6H Hw 8 13 «(3 

80 1 res & © 2 Ssh 
Motor Oils 

70 2h 2 = 2 

50 tesa @ @ % & 

40 1 1 

30 2 


The Number of Car Manufacturers Recommending Rear- 

Axle Lubricants by Various SAE Gear-Lubricant Numbers 

from 1931 to 1940 (Recommendations of the Same 1|5 
cars Throughout the Period) 


Year "31 "32 °33 °34 35 °36 °37 '38 °39 °40 


SAE Numbers 


Gear Lubricants Number of Car Manufacturers 


250 , 

160 .! 2H Se 8 2 2 

140 a 
110 2.8 ££ & 5 

90 6 14 14 14 15 18 15 18 14 16 
80 es & 3% 8 9 10 
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transmission and, possibly to a minor extent, with other 

Table 8 — Transmission Gear-Tooth Loads — One Manu- factors. The equilibrium transmission lubricant tempera- 
facturer 1931-1940 (Lb per In. Face) tures of eleven models of current production cars for road 
‘ae load at 50, 60, and 70 mph are given in Table 9. Similar 


data for cars built in earlier years would be interesting to 


Second Gear Low Gear fc «et “—s 3 

show if transmission temperatures have risen or fallen. 
Year Ave. Max. Min. Ave. Max. Min. The maximum lubricant temperature for the cars tested is 
1931 2850 3540 2500 3900 4630 3090 g8F above air temperature. Because of the important effect 
1932 2790 = 3540 2500 3910 = 4630 3090 of churning losses on lubricant temperature, heavier lubri- 
ans poe me pat yo a ‘has cants and high oil levels may raise the temperature very 
1935 3220 3240 3190 5080 5120 5040 noticeably. Table 10 shows some results on the effect of 
1936 3160 3240 3090 4990 4900 5100 these two factors with one transmission. The comparison 
oo pon pet 4 oa oa pons between the viscosity at the leveling-off temperatures of 
1939 3220 3410 3020 5550 5880 5220 SAE 40 motor oil and SAE 90 gear oil is interesting in that 
1940 3300 = 3470S 3020 5640 5880 5220 = the use of SAE 40 motor oil gives a 3 sec lower leveling-off 





Table 9 — Lubricant Temperatures in Axles, Transmissions and Engines of Typical 1940 Cars (Road Load and 
Correction to 100 F Air Temperature} 











Axle Transmission Engine 

Car 50 mph 60 mph 70 mph 50 mph 60 mph 70 mph 50 mph 60 mph 70 mph 
A 177 F 189 F 198 F 174 F 180 F 187 F 212 F 222 F 234 F 
B 178 188 192 174 181 189 222 230 250 
C 179 193 208 166 168 170 245 261 281 
D 186 192 205 172 174 178 192 212 241 
E 189 203 215 183 188 191 186 200 220 
F 189 190 207 181 185 188 
G 190 201 207 181 186 189 232 244 266 
H 193 193 205 183 194 198 172 183 202 
I 194 205 215 162 165 170 163 174 187 
J 205 207 222 161 167 170 220 232 245 
K 208 225 234 164 174 174 184 193 206 
Minimum 178 188 192 162 165 170 163 174 187 
Maximum 208 225 234 183 194 198 245 261 281 

~~ 


reason, lubricants of the hypoid type have not as yet been 
required in transmissions. To illustrate the loads which 
have been used, Table 8 gives the gear tooth loads in 
pounds per inch of face for transmissions as used by one 
manufacturer from 1931 to 1940. It should be remembered 
that tooth loading in pounds per inch of tooth face is not 
a precise measure of unit loading, but will probably serve 
as a comparative index of major changes. It will be noted 
that, although there is a variation in the maximum value 
for the second gear tooth loads, there has been no 
significant change during this period. In the case of the 
maximum low-gear loads there would appear to have been 
an increase of about 25% but it is doubtful if this ts of 
importance. Much higher tooth loading is permissible in 
low gear than in second gear because of the shorter length 
of time the car is driven in this gear. It seems to be 
generally accepted practice to assume that the low gear 


viscosity and a 12F lower leveling-off temperature. The 
comparison between the standard production recommenda- 
tion of 4 pt of SAE go gear oil and 2% pt of 10-W motor 
oil gives a 10% higher leveling-off viscosity and almost 
100F lower temperature for the smaller quantity of the 
lighter oil. 





Table 10 —Effect of Viscosity and Lubricant Level of 

Transmission Lubricants on "Leveling Off" Temperatures 

of Overdrive Transmission (on Test Stand at 60 MPH, No 
Load, at 80 F Air Temperature} 


Viscosity at 
“Leveling “Leveling 
Off” Off” 
Volume of Viscosity at Tempera- Tempera- 





will be used only about one-third of the time that the = 9 hae tai ae we, F a 
— 3 . 10-W 4.0 82 183 47 
second gear will be used. It is also generally agreed that, 20-W 4.0 124 187 58 
if the low gear is satisfactory after 140 to 150 miles of oper 30 4.0 270 194 72 
ation under full low-gear torque, the gear will give satis a nd = 
factory service life. 10-W 2.75 82 125 90 
The sliding speed of well-designed and cut transmission 10-W 3.0 82 148 64 
gears is apparently so low that the author has not made bg rr oe 4 Hh a 
any effort to determine the current values. 10-W 45 82 193 44 
The lubricant temperatures in transmissions vary with 40 4.0 437 211 78 
the car speed, the torque load, the air temperature, the vis 40 3.1 437 144 290 
cosity of the lubricant, the lubricant level, the type of 
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Table 11 — Passenger-Car Axle Gear Tooth Loads - 
Pounds per Inch of Tooth Face (Gleason Formula) 


Year Maximum Average Minimum 
1924 1925 1185 875 
1930 1930 1475 885 
1932 2320 1550 1150 
1934 2320 1600 1315 
1936 2170 1720 1210 
1937 2165 1715 1200 
1938 2160 1710 1210 
1939 2160 1720 1205 


Data cover about 25 car models each year. Gleason formula 
used. 





The actual temperature of the gear teeth during contact 
is, of course, much higher than the lubricant temperature. 
There appears to be but little data on the actual surface 
temperature, but some very excellent and suggestive work 
has been done by H. Blok using gears of different steels 
running together in such a manner as to produce thermo 
electric effects at the point of contact. Two curves pub 
lished by Blok are reproduced in Fig. 1. Blok’s theoretical 
work has indicated that the “mean temperature flash” dur 
ing contact is: (1) directly proportional to the coefficient ot 
friction; (2) proportional to the square root of the rubbing 
speed; and (3) proportional to the three-fourths power ot 
the load per unit width of face. The work so far reported 
by Blok seems to indicate that his theoretical relation be- 
tween coefficient of friction, tooth load, and “mean tempera 
ture flash” is correct. Blok estimates that the maximum 
temperature would be 125F to 215F above the oil tempera 
ture under the conditions of load and speed used in his 
experiment. (Gears 3.54 in. in diameter running at 1470 
rpm under a load of about 1700 |b per in. of face, lubricant 
temperature 150F.) Blok believes that the reduction in the 
coefficient of friction during the run with descending load 
was due to an improvement in the smoothness of the teeth. 
As he believes the surface temperatures to be directly pro 
portional to the coefficient of friction, there would be a 
very significant reduction in temperature. It would be very 
interesting to know how various types of hypoid lubricants 
affect the surface temperatures. 
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In evaluating changes in tooth loading of rear axles, it 
would be most desirable to do so on the basis of unit 
pressures, but unfortunately insufhcient data of this kind 
are available. It has been possible to find some data on 
tooth pressures per inch of face for representative produc 
tion passenger car rear axle gears from 1924 to 1940. These 
figures are given in Table 11. These data cover about 25 
car models for each year and the load is computed on the 
basis used by The Gleason Works. These figures indicate 
that the average tooth loads increased steadily from 1924 
to 1936 but have shown no increase since that time. The 
maximum loads were higher with the latter spiral bevels 
and have decreased since hypoids have been used. The 
minimum loads have not increased materially since 1932. 
The values given are for high gear only. The values for 
low gear probably would.show less increase in load be 
cause the low-gear reduction has decreased from about 3:1 
to about 2.5:1 during the interval covered by these data. 

The data obtainable on tooth loads for trucks (Table 12) 
are less extensive and possibly less accurate. Those which 
are available, however, indicate little or no change in tooth 
loading practice from 1936 to 1939. The high-gear loads in 
truck axles are definitely lower than those of passenger 
cars, but the low-gear loads are higher because of the much 
higher low gear reductions used in trucks (6 or 7:1). Be 
cause of the fact that trucks are operated in the gears to a 
considerably greater extent than passenger cars, it is 
probable that the average working load is at least twice as 
high. In considering these figures for tooth load, it should 
always be kept in mind that they do not represent actual 
unit pressure on the teeth and that they are only good fo) 
approximate com parisons. 





Table 12 - Truck Gear-Tooth Load in Pounds per Inch of 
Gear Face (Gleason Formula) 


114 to 214-Ton Trucks -10 Models Considered 


High Gear Low Gear 
Year Max. Ave. Min. Max. Ave. Min. 
1936 1400 1215 995 8280 7250 5700 
1937 1530 1315 995 11100 7800 5700 
1938 1525 1330 995 8970 7670 5700 
1939 1525 1350 995 8970 7900 5700 


3 to 5-Ton Trucks—8 Models Considered 


High Gear Low Gear 
Year Max. Ave. Min. Max. Ave. Min. 
1937 1555 1405 1185 11000 9600 6500 
1938 1555 1355 1010 11000 9210 6500 
1939 1555 1370 1010 11000 9325 6740 


Summary of 40 Truck Axles from 1936 to 1939 Inclusive 
28 Spiral Bevel Axles 
6 Hypoid Gear Axles 
6 Dual Reduction Axles 
Tooth Loads Are for Cross Shaft Bevel Gear) 


High Gear Low Gear 
Max. Ave. Min. Max. Ave. Min. 
1830 1347 980 11970 7802 6000 
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a Fig. 2- Method of estimating combination of carrier stiffness 
and corrective gear cutting for comparative purposes 


Whenever rear-axle tooth loading is discussed, the ques- 
tion of carrier deflections is sure to arise. For this reason, 
an effort has been made to estimate what variation has pos- 
sibly occurred in this item among current production 
carriers and also in past designs. Because of the practical 
impossibility of making comparisons of this nature by gen- 
erally accepted methods, a method has been used which 
combines the effects of carrier stiffness and corrective gear 


cutting into two numerical figures. It is hoped that this 
method, although approximate, will give a fair comparison 
for indicating definite changes in axle design and tooth 
cutting. The method is based upon the change in the loca- 
tion of the center of the gear tooth bearing as observed 
during axle-deflection tests from no load to full load. The 
method is illustrated in Fig. 2. The gear-tooth bearing 
patterns for drive and coast loads, as sketched at the time 
of the test, were examined and the center of the tooth 
bearing area estimated. The location of this bearing center 
was then measured along the tooth from the toe and along 
the height of the tooth from the root and expressed in 
terms of per cent of the tooth length and height. These 
values were then plotted as shown in Fig. 2, and the maxi- 
mum movement of the tooth bearing center along the tooth 
length and the tooth height used as an indication of a 
combination of axle stiffness and tooth cutting correction. 
It may be that, when little tooth cutting correction is used, 
the movement of the center of the bearing area is in a 
more or less straight line, as shown in the left-hand plot on 
Fig. 2. When, however, gear tooth cutting correction is 
used, the center of the bearing area moves in an irregular 
manner as in the case of the plot at the right of Fig. 2. 
Tooth bearing sketches of eleven 1935 and ten 1940 produc- 
tion axles were analyzed in this manner. Plots of three 
typical axles for each year are shown in Fig. 3. The results 
of the analysis are given in Table 13. If these results give 
a fair comparison of the effective combination of carrier 
stiffness and corrective gear cutting, there has been no 
loss of stiffness in hypoid carriers, as little if any change is 
indicated. There is indicated, however, a 3 or 4 to 1 dif- 
ference among the axles in production during either year. 

The data available on rear-axle lubricant temperatures 
for early cars were not sufficient for tabulation, but equi- 
librium lubricant temperatures for 11 current production 
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passenger cars are given in Table 9. The rise in temperature 
from 60 to 70 mph is considerably greater than the corre- 
sponding rise for transmissions and the maximum lubri- 
cant temperature is 134F above air temperature. The axle 
temperatures appear to be from 20 to 30F above the trans- 
mission temperatures. One observation of the temperature 
of the metal of the ring gear, determined by means of 
fusible plugs in the ring-gear bolts of a 1940 hypoid axle, 
showed ring-gear temperature between 13F and 20F higher 
than the lubricant temperature. The author has no data 
available on the effect of changes in viscosity and lubricant 
level on lubricant temperature. Some data are given in 
Table 14 on the variation in leveling-off temperatures of 
several commercial hypoid lubricants sold in 1936 in care- 
fully checked production axles of the same design. A 
variation of about 80F is shown. It will be noted that 
lubricants of the active type show both large and small 





Table 13 - Comparative Movements of the Center of the 
Tooth Bearing for 1935 & 1940 Axles 


1935 1940 
(11 axles) (10 axles) 

Average lengthwise movement 24% 25% 
Average height movement 1% 9% 
Maximum lengthwise movement 40% 42% 
Maximum height movement 19% 18% 
Min jmum lengthwise movement 14% 9% 
Mini mum height movement 5% 5% 





Table 14- "Leveling Off’ Temperatures of Several 
Different Hypoid Lubricants 


Change in 
“Leveling Off” Air “Leveling Off’’ 
Temperatures, F 


Tempera- Temperature, F 
(Corrected to 100 F Air) ture ’ . 


- during 20 to 50to 
50 MPH 60 MPH 70 MPH test, F 40 MPH 70 MPH 


Active Type 


A 102 113 120 90 33 7 
B 111 126 138 80 16 12 
C 119 130 130 45 25 11 
D 128 147 169 34 28 41 
e 134 142 148 42 28 14 
F 146 152 162 28 17 16 
G 148 157 163 43 37 6 
H 181 189 196 25 33 15 


Inactive Type 


l 116 128 142 60 13 14 
J 171 195 201 29 40 30 


Straight Mineral 
K 153 163 170 24 47 17 





changes in leveling-off temperature over a speed range of 
20 mph. A similar variation is shown between the two 
lubricants of the inactive type. Although all the lubricants 
were of the SAE go grade, there was probably a wide 
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variation in actual viscosity but it does not seem likely that 
all the variation observed would be due to viscosity dif- 
ferences. In general, it does not seem necessary for as 
efficient a gear reduction as is a passenger-car rear axle to 
run at such high temperatures. 

Do truck axles run hotter than passenger-car axles? The 
author regrets that he is unable to give any definite answer 
to this question. Some data on this question are given in 
Table 15, which shows a comparison of the lubricant 
temperatures of one design of truck fitted with comparable 
designs of spiral bevel and hypoid axles. These data indi- 
cate that the hypoid axle runs a few degrees hotter than the 
spiral bevel and, if they are truly representative of average 
truck axles, the passenger-car axle, when run at high 
speeds, is hotter than the truck axle. 

Through the courtesy of J. C. Zeder of Chrysler Corp., 
it is possible to outline some of the results obtained by 
George Slider on the performance of several hypoid lubri 
cants in a four-square test and in trucks on the road. The 
dynamometer tests were made on axles with a 8'%-in. 
ring gear with a 1'4-in. face and a reduction ratio of 4.1:1. 
The tests were made at a pinion speed of 500 rpm and an 
axle shaft torque of 23,400 in-lb for 1,000,000 pinion revo- 
lutions. The lubricant temperature was controlled in the 
same manner in all tests at about 180F. An exploration of 
the temperature at several other points in the lubricant 
indicated a possible variation of about 20F. The road tests 





Table 15 —- Comparative Oil Temperatures in Production 
Spiral Bevel and Experimental Hypoid Truck Axles 
(1'/2-Ton Truck with 8000-Lb Payload) 


Oil Temperatures, F Air 

Corrected to 100 F Air Tempera- 
’ ture 

Type Axle Odometer Ave. Min. Max. in Test, F 
Spiral Bevel 12,400 173 166 178 69 
Hypoid (No. 1) 12,800 180 175 184 69 
Hypoid (No. 2) 12,500 175 171 179 69 
Spiral Bevel 16,500 176 171 179 88 
Hypoid (No. 2) 16,300 185 171 187 86 

Temperature Differences, F 

Type Axle Odometer Average Minimum Maximum 
Spiral Bevel 12,400 0 0 0 
Hypoid (No. 1) 12,800 +8 +4 +12 
Hypoid (No. 2) 12,500 +3 —1 +9 
Spiral Bevel 16,500 0 0 0 
Hypoid (No. 2 16,300 +8 +1 +10 


Temperatures in table obtained from readings taken at 22 
check points on test route. 
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m Fig. 5 — Represen- 
tative teeth of rear- 
axle pinions used in 
tests of hypoid lu- 
bricants in the dyna- 
mometer and in 
trucks on the road 
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Table 16 — Typical E.P. Lubricant Testing-Machine Results 


(Prutton and Willey, 1939) 
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{ 
Almen Timken SAE Falex 4 Ball 
14-In. Pin 17-In. Rol! 174-In. Rolls 14-In. Pin 14-In. Ball 
Lb on Kg Load to 
Weights Lb on Arm, Lb Load Seize in 
Lubricant on Arm Arm 75) RPM on Gage 21. Sec 
Lead Soap 30+ 25 580-4 4500+ 190 
Active Sulphur 
Lead Soap... 
Inactive Sulphur 16+ 68 + 138 = 2500 = 130 
Chlorine Compound 
Sulphur Compound 30+ 59 480 4500-4 145 
Chlorine Compound 
Untreated Oil 6 7 0 500 75 
LUBRICANT C ROAD 
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m Fig. 6 — Represen- 
tative teeth of rear- 
axle pinions used in 
tests of hypoid lu- 
bricants in the dyna- 
mometer and in 
trucks on the road 
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were run on three of the same lubricants in a tractor haul 
ing a 30,000-lb load over a hill test route in Pennsylvania. 
The axles used in the road test had 13-in. ring gears and 
a 7.17:1 axle ratio, Photographs of representative teeth of 
the pinions used in these tests are shown in Figs. 4, 5, 6, 7 
and 8. The photographs shown in Figs. 4, 5, and 6 are of 
the pinions run with three different lubricants of the “in 
active” type. The photographs to the right of the pinion 
tooth photograph are ten-diameter enlargements of a small 
section of the tooth surface. The pits seen in the enlarge 
ment of the road test pinion of lubricant C, shown at the 
upper right on Fig. 6, are not from the lubricant but from 
some previous manufacturing treatment of the pinion. 
Similar pits can be seen on the edge of the tooth in the 
left-hand photograph. The surtaces of the dynamometer 
test pinions with lubricants 4, B, and C and the road test 
pinion with lubricant C were polished to an almost mirror 

finish. The pinion run with lubricant F, a straight mineral 
| oil, shown at the top of Fig. 7, was very badly scored. The 
other pinions shown in the four lower photographs of Fig. 
> were run with an “active” or “corrosive” type of hypoid 
lubricant. Lubricant D was run on the dynamometer and 
| lubricant G on the road. Both the dynamometer and road 


test pinions showed the same type of tooth surface, very 
highly polished but definitely ripply. The two upper sets 
ol photographs in Fig. 8 are of pinions run on the dyna 
noemeter with lubricant D of the “corrosive” type. The 


pinion shown in the upper pair of photographs was run 
with an axle torque load of 31,600 in-lb instead of 23,400 
in-lb used in all other dynamometer tests. The increase of 
load (35%) changed the character of the tooth surface 
trom a highly polished, ripply surface to a duller and 
sharply scratched surface with no sign of ripple. The road 
test pinion, shown in the photographs at the boitom of 
Fig. 8, was run with lubricant E of the “corrosive’’»type 
and shows a tooth marking at the root of the tooth of a 
polished, ripply surface and at the top of the tooth the dull 
sharply scratched surface very similar to the surface of the 
pinion tooth shown at the top of the same figure. This 
condition might indicate that during the road test load 
conditions of both types left their markings on the same 
pinion. 

The results of these tests made under the direction of 
Mr. Slider indicate that possibly the several general types 
of hypoid lubricants leave their “finger prints” on heavily 
loaded tooth surfaces. If this is true, would it be possible 
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a Fig. 7 — Represen- 
tative teeth of rear- 
axle pinions used in 
tests of hypoid lu- 
bricants in the dyna- 
mometer and in 
trucks on the road 
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Table 17-Values of "PV" for Spiral-Bevel Gears (J. D. Almen — 1935) 





m Fig. 8 — Represen- 
tative teeth of rear- 
axle pinions used in 
tests of hypoid lu- 
bricants in the dyna- 
mometer and in 
trucks on the road 








Compressive Sliding 
Pinion Stress, Velocity, 
Pinion Torque, Ib per sq in. fps 

Car Scoring RPM lb-ft a el “" “Py” 

1 None. 2400 328 71,900 16.70 1,200,000 
2 None.. 3450 112 73,400 18.42 1,355,000 
3 None... 3710 100 84,700 16.42 1,392,000 
4 None. . 3720 95 94,700 14.75 1,402,000 
5 None. 3820 90 87,200 16.05 1,403,000 
6 None. 3850 87 87,600 16.20 1,420,000 
7 + None. 2970 91 80,000 17.85 1,430,000 
8 None..... 4060 92 88,200 17.05 1,505,000 
9 Occasional 3600 118 80,000 19.35 1,548,000 
10 Occasional 4000 95 86,600 17.80 1,551,000 
11 Occasional 3800 107 92,500 17.10 1,595,000 
12 ~=— Serious... 3600 97 109,200 15.40 1,676,000 
13. = Serious... 3800 109 108,000 16.60 1,800,000 
we ee... 4266 88 79,300 23.25 1,848,000 
15 + Bad... 3810 90 101,200 18.32 1,852,000 
16 = Bad... 3800 109 95,800 20.05 1,932,000 
17 ~—~-Bad 2400 328 75,000 26.75 2,010,000 
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to so operate a laboratory test machine as to reproduce 
these characteristic types of surfaces? This speculation does 
not seem unreasonable in view of the fact that this is 
essentially what was done with test machines when bad 
scoring under shock loads was considered to be the prime 
requirement for passenger-car hypoid lubricants. 
Throughout this paper little has been said concerning 
the chemical characteristics of available hypoid lubricants, 
but no apology is offered for this omission because the 
subject has been covered adequately by others in many 
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m Fig. 9— Relative tooth-surface rubbing velocities for spiral-bevel 
and hypoid rear-axle gears 


excellent papers. Table 16, however, gives test results on 
the current types of test machines for three of the current 
types of lubricants, as reported by Prutton and Willey in 
1939. At the top of the table are diagrammatic sketches of 
the essential elements of the several machines. These ma- 
chines probably differ widely in all three principal variables 
of unit pressure, sliding velocity, and surface temperature, 
and some of them do not have the conditions of cooling 
which would reproduce the flash temperature variations 
encountered on gear teeth with their intermittent wiping 
contact. 

Reproduction of gear-tooth conditions in test machines 
would be much easier if more complete information were 
available on actual rubbing speeds, unit loads, and surface 
temperatures. The measurement of actual surface tempera- 
tures and coefficients of friction in hypoid gears with 
hypoid lubricants, using methods similar to those de- 
veloped by Blok for spur gears, would be of great value. 
More information on current practice giving actual rub- 
bing velocities, similar to that published by Almen in 
1937, and shown in Fig. 9, might simplify the problem of 
the interpretation of test machine results. In this connec- 
tion, J. D. Almen in 1935 published some very interesting 
data showing values of “PV” for spiral bevel gears. Mr. 
Almen’s results are shown in Table 17. In this work it 
was found that, when a PV value of about 1,500,000 was 
reached, scoring started. Almen’s results were obtained 
with untreated mineral oils and how much the results 
would have been affected by the use of the hypoid lubri- 
cants now available is not known. Also, the temperatures 
of the working surfaces may be entirely different in spiral- 
bevel and hypoid gears. It would seem reasonable, how- 
ever, that, if the conditions of surface temperature, unit 
load, and sliding velocity were known for hypoid gears, it 
should be possible to reproduce these conditions in test 
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equipment and establish a very reasonable basis for evalua- 
tion of hypoid lubricants. 

The author wishes to acknowledge his gratitude to the 
many engineers who have given advice, suggestions, and 
assistance in collecting the material presented. 


DISCUSSION 


Requirements of All-Purpose 
Hypoid Lubricant 
—C. M. Larson 


Chief Consulting Engineer, Sinclair Refining Co. 


HE effect of hypoid-gear operating conditions on the perform- 

ance of hypoid lubricants varies with speed and load. In order 
to clarify this situation, the various types of SAE go grades of hy 
poid lubricants are shown in Fig. A. 

On the vertical axis is plotted speed or rubbing velocity of the hy 
poid gear teeth. On the horizontal axis is shown the pressure or 
torque. In order to show the various relationships of the hypoid lu 
bricants the SAE go mineral oil A-B is plotted. The lead-active sul 
phur lubricant C-D shows clearly for the high speeds and high rub- 
bing velocity caused by high road speeds of the Packard and Chev- 
rolet car. It will be noted that, as the high torque or anti-friction 
requirements of low gearing are imposed upon the lead-active sul- 
phur lubricant, it falls short of the non-corrosive truck hypoid lubri- 
cant illustrated by E-F. Point F is the requirement imposed on the 
truck axle in first gear, low speeds, by the Dodge truck equipped 
with hypoid axles. 

In order to make an all-purpose hypoid lubricant which will have 


SPEED - RUBBING VELOCITY 
Anti-Weid 


CUBR iCay 





PRESSURE - TORQUE 
Anti-Friction 


m Fig. A (Larson discussion) -Hypoid lubrication with various 
types of SAE 90 hypoid lubricants 
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anti-weld requirements caused by high rubbing speeds, point C, and 
yet have the anti-friction high-torque requirements met with in truck 
operation, point F, the lubricant would have to follow the dotted 
line, illustrated by curve C-F. This is an extremely difficult require 
ment and varies greatly with axle temperature. As the ring gears 
are made smaller on passenger cars, the demand on the lubricant will 
be even more pronounced. 

The SAE EP machine correlates the speed or rubbing velocity. re- 
quirements but, to date, we have no hypoid lubricant testing ma- 
chine which will evaluate the lubricants on the basis of point F on 
Fig. A. 


Rear-Axle Deflection Tests 
on New Gleason Machine 
— Ernest Wooler 


Bower Roller Bearing Co. 


INCE becoming connected with the Bower Roller Bearing Co., I 

have been fortunate in being able to continue my interest and 
tests on EP lubricants, inasmuch as the Bower laboratory contains 
one of the new Gleason axle-testing machines. This machine is 
superior to the old fashioned four-square test set-up which has done 
a good job in its day and was described in a paper that I read before 
the SAE some 12 years ago. In the four-square set-up, all four 
axles are operating under different conditions and, even when re- 
versed in direction and torque load, conditions cannot be duplicated, 
so that only rough comparative data were available from it. 

This new axle-test machine is not only an accurate, and elaborate 
piece of equipment which can be used for delicate oil tests and any 
other tests originally attempted on the four-square machine, but 
fatigue, breakdown, preload, and deflection tests also can be really 
made accurately under correct specifications. 

For the past 15 or 20 years, deflection tests on rear axles have not 
been made completely due to inadequate equipment. Deflection tests 
were made under 25, 50, 75, and 100% of full engine torque 
through low gear ratio in a passenger-car axle (and similar speci- 
fications on truck and tractor transmissions and axles) in forward 
direction and with similar loads in reverse, simply because that was 
the only available method in the old deflection test machines — 
forward with the load on the drive side of the tooth and reverse on 
the coast side of the tooth. This reverse direction and coast load is 
a condition never encountered in service except possibly when frog- 
ging a job out of a hole. The load that we are really interested in 
is the load on the coast in forward direction — the load imposed every 
time that the foot is lifted from the accelerator pedal — when coast- 
ing against the motor. In other words, on deceleration. This con- 
dition somewhat corresponds to the shock test used by General 
Motors and Packard when making scuff tests on EP lubricants. 





The difference in deflections of the pinion and ring 
these various directions and loads is shown in Table A. 


gear und 


These are the average figures for 12 different axles, and it will b¢ 
seen that the movements of both the ring gear and pinion are con 
siderably more with the load on the coast side of the tooth in for 
ward than in reverse. There is 12 times more deflection on a spiral 
bevel axle and 2% to 2% times more on a hypoid—a great deal 
more than we thought we were getting. There is no EP lubricant 


of any kind that I know of that will cure that! 

Several of the automobile manufacturers are taking advantage 
cur modern testing facilities, and some ver) 
has been obtained. 


of 
interesung information 
Several months ago, it was decided to conduct oil tests on out 
machine with all the various lubricants used by passenger-car, truck 
ind tractor manufacturers in production on as many different axle 


as possible. We received the various lubricants for this purpos« 


ana 
got off to a very good start by running practically all of them 11 
standard production spiral-bevel axle, but the results were not as 


definite as the recent results we have obtained on lubricants in hy 


la 


poid axles, possibly due to more strenuous test specifications. 

Last year considerable discussion took place regarding the Slide: 
differential tests submitted by E. W. Upham at the EP Lubricant 
Committee Meeting, at which time these tests were criticized as 
being at too high loads at slow speeds. We definitely duplicated 
these tests, and recently have made tests confirming these same find 
ings at high speeds and low loads! They show definitely that the 
active-sulphur lubricants not only scuff, but still show considerable 
bearing wear. An average of three sets of pinion and differential 
bearings with three popular mild EP lubricants showed only 0.006 
in. wear, whereas a production use active-sulphur hypoid lubricant 
showed 0.0145 in. wear— more than twice as much bearing wear. 
Gear backlash increased proportionately. 

The tests were run at speeds corresponding to 50 mph forward at 
» load for 8 hr, then 1 hr at full engine torque in second gear 
mph, repeated for 5000 miles on a good production hypoid 
axle; after this the test was continued on the coast side of the tooth 
also at 50 mph with gradual load increments of 25 ft-lb up to 25 


25 h 
at 2 


I 


ft-lb for 1 hr duration each. The test was stopped on account of 
excessive temperature beyond our available control of fan and water 
cooling. 

To my mind, the principal item in order to obtain good axl 
formance is rigidity—to maintain a good tooth contact under 
conditions! Then eventually we can get the axle down in size a 
was originally intended with hypoid gearing. Get the hypoid pinion 
down to the same diameter as the similar ratio spiral-bevel 


pel 
I 


1] 
all 


pinion 
with a corresponding reduction of the ring gear, then you automati 
cally reduce deflections. 

Deflections are now reduced by rigid carriers, differential bearing 
cap supports, strong side trumpets, by the use of a rotating stop back 
of the ring gear, and by the use of tapered-rojler bearings on the 
pinion and differential. 





Table A — Rear-Axle Deflections 
(Loaded 100°, full engine torque through low gear) 











Pinion Movements 


Ring Gear Movements 


Direction of it al 
Rotation and Load In and Lift of Give of In and Give at 
Axle on Teeth Out Nose Nose Out Lift Mesh 
Average of six tests on one production Forward on drive 0.0037 0.007 0.0012 0.0045 0.008 0.0015 
and five experimental hypoids of same Forward on coast 0.0031 0.0106 0.0102 0.0035 0.013 0.0646 9.25 
make. Reverse on coast 0.0027 0.0068 0.0052 0.002 0.0086 0.0288 '*" 
Average of three production hypoids Forward on drive 0.0032 0.0025 0.0015 0.0029 0.0028 0.0035 
of same make and model. Forward on coast 0.0087 0.0087 0.013 0.003 0.0065 0.0565 2.17 
Reverse on coast 0.0045 0.0053 0.0055 0.0024 0.0049 0.026 {*" 
Average of two new hypoid models Forward on drive 0.003 0.0025 0.0005 0.0015 0.0007 0.0006 
adopted for production. Forward on coast 0.0055 0.0067 0.011 0.003 0.0045 0.0185 2.76 
Reverse on coast 0.0025 0.0041 0.0055 0.0025 0.0035 0.0067 |~" 
Standard production spiral-bevel axle. Forward on drive 0.0062 0.0035 0.0035 0.003 0.003 0.0005 
Forward on coast 0.0068 0.007 0.010 0.002 0.0045 0.0235\5 55 
Reverse on coast 0.0052 0.006 0.0077 0.002 0.0045 0.0152; °° 
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Production of 


MAGNESIUM-Alloy Aircraft Parts 


HE use of magnesium alloys in aircraft construction 

has advanced so rapidly in the last few years that it is 
appropriate to review the progress made and to discuss 
the problems encountered by aircraft manufacturers in the 
production of airplane parts made from these alloys. 

The extremely light weight of magnesium alloys (specific 
gravity 1.8) 1s well known, and a proper knowledge of 
their properties, design, uses, and methods of fabrication 
will enable the aircraft engineer to save many pounds of 
needless weight. The procedures incidental to the use of 
magnesium alloys are not unduly difficult or complicated, 
but until recently engineers in this Country have been 
prone to use and treat magnesium alloys exactly like alum1- 
num with the result that, in some cases, trouble was en- 
countered and magnesium was given the reputation of not 
being suitable for that particular application. These dif- 
ficulties were caused both by lack of interest on the part 
of the aircraft industry and by a lack of sufficient knowl- 
edge on the subject. The aircraft industry is now showing 
great interest in magnesium alloys, and the magnesium 
industry is devoting a great deal of time and effort on new 
alloys, surface protection, and methods of fabrication. This 
paper will review some of the already well-known facts 
as well as new developments in the field. 


gs Sand and Permanent Mold Castings 


The composition of magnesium alloys for sand and 
permanent mold castings is given in Table 1, and Table 
correlates these alloys with the corresponding Army Air 
Corps and Navy Aeronautical material specifications. Fig. 
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= Fig. | — Typical magnesium-alloy aircraft-engine sand castings 
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by L. B. GRANT 


The Dow Chemical Co. 


| pare paper reviews the progress made and dis- 
cusses the problems encountered by aircraft man- 
ufacturers in the production of airplane parts made 
from magnesium alloys. Although the procedures 
instrumental to the use of magnesium alloys are not 
unduly difficult or complicated, they should be well 
understood and rigidly followed so that the best re- 
sults can be obtained from the use of magnesium. 


The composition, mechanical properties, and cor- 
relations with Government specifications are given 
in seven tables. Specific recommendations are made 
on design, pattern construction, chemical surface 
treatments, machining, assembly protection, and 
painting. Information also is given on welding, 
riveting, and forming of sheet and extruded shapes. 


1 shows typical aircraft-engine magnesium-alloy sand 
castings. 


The most commonly used magnesium alloy for sand 
and permanent mold castings for aircraft is Dowmetal 
‘“H” composition, and the development of this alloy marks 
an important step forward for magnesium, particularly 
because of its marked resistance to salt-water corrosion as 
compared with sand-casting alloys used a few years ago. 
Dowmetal “M” alloy castings are used for low-stressed 
parts such as oil-tank fittings where excellent weldability 
is required. 

The mechanical properties of magnesium-alloy sand and 
permanent mold castings are given in Table 3. 

Dowmetal “H” is available in three conditions, that is, 
as-cast, solution heat-treated, and solution heat-treated and 
aged. The choice of heat-treatment for any aircraft part 
is, of course, dependent on the service requirements of that 
particular part. If the casting is subject to very low stresses 
and the lowest possible cost is important, the as-cast mate- 
rial may be specified. If toughness and shock resistance 
are of prime importance, a single or solution heat-treated 
alloy is recommended. A good example of this type of 
application is a landing wheel which must withstand the 
severe landing shock. It has been found by actual experi- 
ence that, for landing wheels, the high elongation and 
toughness of solution heat-treated Dowmetal “H” is of 
more importance than the higher yield strength and hard- 














Table | — Compositions and Characteristics of Dowmetal Magnesium Alloys 





Alloy 


Nominal Compositions—Per Cent 





Aluminum 


Manganese 


Zinc 


Magnesium 


Relative’ 
Resistance 
to Salt 
Water 


Characteristics and Uses 





8.5 


0.2 


Remainder 


D 


Sand castings. Replaced by Dowmetal H. 
Press forgings and extrusions. Replaced by 
Dowmetal O. 





12.0 


0.1 


Remainder 


Sand castings. Replaced by Dowmetal P. 





6.0 


0.2 


Remainder 


Plate and Sheet. Improved mechanical prop- 
erties compared to Dowmetal F. Weldable. 





4.0 


0.3 


Remainder 


Plate and sheet, and certain thin-walled ex- 
truded sections and tubes. Replaced by 
Dowmetal J and Dowmetal X for most ex- 
truded sections, and by Dowmetal E for 
plate and sheet. Weldable. 





10.0 


0.1 


Remainder 


Sand castings. Replaced 


largely by Dow- 
metal H. Weldable. 





6.0 


0.2 


3.0 


Remainder 


Sand castings and forgings with improved salt 
water resistance. Heat treatment not re- 
quired for general use, but may be heat 
treated to secure high strength and tough- 
ness or heat treated and aged to secure 
high yield strength with moderate tough- 
ness. Limited weldability. 





6.5 


0.2 


0.7 


Remainder 


Press forgings, extruded bars, rods, and 
shapes of improved strength and salt water 
resistance. Weldable. 





J-1 


6.5 


0.2 


0.7 


Remainder 


B+ 


Same as Dowmetal J but made with low iron 
and nickel impurities to conform to present 
Army and Navy Specifications. 





10.0 


0.1 


Silicon 


0.5 


Remainder 


~ castings. Replaced largely by Dowmetal 





2.5 


0.3 


Cadmium 


3.5 


Remainder 


Hammer forgings. 
salt water 
metal F. 


Improved forgeability and 
resistance compared to Dow- 
Weldable. 





1.5 


Remainder 


Plate and sheet, extruded sections, sand cast- 
ings, and forgings of moderate strength 
and best salt water resistance. Weldable. 





8.5 


0.2 


0.5 


Remainder 


Simple press forgings and extruded sections 
of high yield strength. Weldable. 





8.5 


0.2 


0.5 


Remainder 


Same as Dowmetal O, but made with low iron 
and nickel impurities to conform to present 
Army and Navy Specifications. 





10.0 


0.1 


Remainder 


Sand castings. Hos improved salt water re- 
sistance compared to Dowmetal B. Used 
only in heat treated and aged condition to 
secure maximum yield strength and hard- 
ness for applications not subject to shock. 
Weldable. 





9.0 


0.2 


0.6 


Remainder 


Die castings. Good casting characteristics 
combined with best mechanical properties. 
Weldable. 





3.0 


0.2 


3.0 


Remainder 


Press forgings, extruded bars, rods, and 
shapes with best combination of properties 
and resistance to salt water. Can be aged 
after forging or forming. Limited weld- 
ability. 





3.0 


0.2 


3.0 


Remainder 


B+ 


Same as Dowmetal X, but made with low iron 
and nickel impurities to conform to present 
Army and Navy Specifications. 





6.5 





0.2 











Silicon 
0.2 





Remainder 








Die castings. Moderate strength with high 
toughness for parts subject to shock. 
Weldable. 








“A” rating is the highest. 


very good resistance. 


In ordinary atmosphere the various alloys are approximately equivalent and have 





ness obtained by the double or aged heat-treatment. 


The double heat-treated or aged alloy is slightly more 
expensive but is specified where hardness or high yield 


point is important. 


Most engine manufacturers specify 
this double heat-treatment, one of the reasons being to 
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secure greater hardness or shear strength in tapped threads. 
The majority of castings used in fuselage or wing structure 
are single or solution heat-treated alloys, but here again, 
individual castings require special consideration. 

The design of magnesium-alloy castings is of particular 



































importance, and more thought should be given to this 
subject by aircraft design engineers. Magnesium-alloy cast- 
ings, although showing excellent physical properties, are 


Spot facing operations, which cut into or nick the cast 
ings leaving a sharp corner, should be avoided as such 
corners provide opportunity for stress concentration. It is 
quite sensitive to notch effect and may show weakness at recommended that spot-facing cutters be rounded at the 
the places on a casting where there is an abrupt change in corners so that a fillet is left in the corner of the spot-faced 
section thickness. It, therefore, follows that special atten- cut. 
tion should be given to filleting or the fairing of one sec- Magnesium-alloy castings have a modulus of elasticit 
tion into another. In general, the radius of the connecting of 6,500,000 lb per sq in. as compared with 10,000,000 |b 
fillet should be about the same as the thickness of the per sq in. for aluminum alloys, and this difference in 
thicker of the two adjoining sections. If the fillet is smaller, modulus should be considered where the stiffness of the 
stress concentrations will be increased and, if the fillet is casting wall is important. 
larger, a very heavy section at the joint will result which 
makes it difficult for the foundry to furnish a casting with 
sound metal free from shrinkage at the junction. 


On most castings it is not necessary to increase the wall! 
thickness over that used for similar aluminum castings but, 
it equal stiffness of wall is important, theoretical considera- 
tions show that stiffness equal to aluminum can be obtained 
by increasing the wall thickness 15%. Another alternative 
is to increase the size and number of ribs which will give 
the desired stiffness with a saving in weight as compared 
with increasing the wall thickness. 

Care should be taken in the placing of bolts, studs, and 
screws and, generally speaking, more fastenings of a smaller 
size rather than a few fastenings of a larger size should be 
used. This arrangement will tend to give more even load 
Table 2 — Correlation of Dowmetal Magnesium distribution. 

Alloys with ASTM and Service Specifications In designing threads and bosses for studs, a thread length 

: of at least twice the stud diameter should be used with 

| USS threads. For SAE threads, the length should be 2% 

mn | Atty | Seecitccrion | to 3 times the stud diameter. Stud bosses which carry 
cm pa 
| 
| 


It also has been found advantageous in many instances 
to taper the thin wall into the thicker wall and, at the 
same time, use a connecting fillet. This is particularly 
true where the thicker section is more than twice as thick 
as the thinner section. With this tapered wall, the radius 
of the joining fillet can be made less than the thickness of 
the thicker section. 








} ; ok eee - heavy loads where stress is intermittent should be connected 
" 4 . M to the structural members by walls or ribs so that the load 
a : ethan Bereae ee ing will be distributed over large areas. 
: , = Patterns for magnesium-alloy castings should allow a 
: . | (aa shrinkage factor of about 5/32 in. per ft for castings of 
r | c--- | moderate size or with unrestrained shrinkage. A factor 
” T 2] 11320 | of 4 in. per ft is advisable on large castings or in castings 
agence where shrinkage is held up by cores. As with other metals, 
Me , mero, Ie | it is sometimes impossible to predict the actual shrinkage 
a = ae a | | of a given casting and it is, therefore, necessary to build 
. ‘ | Sener : ' temporary wood patterns to determine the exact shrinkage 


before production pattern equipment is built. 
Magnesium-alloy castings are supplied from the foundry 
: “at : eee | with a chrome-pickle treatment which affords an excellent 
: of. ae - er temporary protection during storage and before machining. 
' | Where storage or atmospheric conditions are particularly 
bad, the castings are sometimes treated at the foundry by 













































































i 3 M126 | 2 dipping in a thin oil mixture consisting of approximately 
res Lies | aa 80% kerosene and 20‘ light engine oil. This oily film 
ee ; ME Bese - = is so thin that it does not interfere with the handling of 
Re al Bi Se Be othe a the castings. 
Table 3 —- Mechanical Properties of Dowmetal Magnesium-Alloy Castings 
Tensile Strength | Yield Strength Elongation in 2 in | « Paeteas 
Ib. /sq. in Ib./sq. in | Per Cent Compressive} Shear Rockwell Impact _ 
| Brinell Endurance 
Alloy Condition wt C< -lw ED FMEA ———| Strength | Strength Hardness Izod Limit 
| Typical | Krimmam | TYCO! | Anima | Twbica! | Soest, | ‘-/ea- in. | W-/ea. in.) Hordnen ft-lb. | Wy 72g. in. 
G | Ascost 22,000 | 18,000 | 13,000 | 10,000 | 2 48,000 | 17,000 65 54 2 9,000 
Heot treated 33,000 29,000 12,000 10,000 8 5 50,000 19,000 62 52 4 10,000 
Heat treated and aged} 34.000 | 29,000 | 19,000 | 17,000 Se 54,000 | 21,000 80 69 2 9,000 
H As cast 27,000 24,000 12,000 10,000 5 4 45,000 16,000 59 55 3 10,000 
Heat treated 38,000 30,000 12,000 10,000 VW 6 46,000 16,000 60 55 5 10,000 
Heat treated and aged} 38,000 32,000 19,000 16,000 5 2 50,000 18,000 74 70 2 10,000 
ME han wren oe Bw na Bs 
M | As cast [74,000 | 12,000 4,500 Ty 3 27,000 | —--- 3 33 9 ttt 
Sepecatite! Peksecar-a es | —- — : — é aS hw 
P | Heat treated and aged| 36,000 | 30,000 | 22.000 | 19,000 1 i 59,000 | 20,000 85 77 1 8,000 
Yield strength is defined as the stress at which the stress-strain curve deviates 0.2% from the modulus line 
Fatigue endurance values are obtained on R. R. Moore machines and are based on 500 million cycles. 
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m Fig. 2—Magnesium-alloy die castings — Passenger-seat hardware for transport planes 


One of the outstanding characteristics of magnesium 
alloys is their remarkable machinability which is better 
than that of any other common metal. A fine smooth 
finish is secured readily with no tendency to drag, tear, or 
chip out. Heavy cuts and feeds may be taken at high 
speeds without excessive heating of cutting tools or work. 

Machine tools of standard design, in most cases, may 
be used for machining magnesium alloy, but it is of utmost 
importance that cutting tools be kept very sharp. Com 
plete instructions on the machining of magnesium alloys 
are now available from suppliers and should be obtained 
before machining operations are started. 

There is a slight fire hazard when machining magnesium 
alloys, particularly when very-fine machining cuts are being 
taken. No trouble is experienced when operators under 
stand the situation and take the simple precautions which 
are necessary. Fires are sometimes started by friction at 
the cutting edge of the tool. It is because of this fact that 
cutting tools should be sharp and ground with adequate 
relief or clearance to secure a true cutting action with as 
little friction as possible. 

Machines and floors should be cleaned frequently so 
that large quantities of machine chips do not accumulate. 
These chips and turnings should be kept free from other 
metals and should be stored in covered metal containers. 
Ordinary machining operations may be performed dry but, 
on high-speed operations, kerosene or other oil-type cool- 
ants should be used. Water solutions or emulsions are not 
recommended. Grinding wheels should be equipped with 
a suction system which removes grinding dust and dis 
charges it over water or preferably through a water spray. 
In case a fire occurs, it should be extinguished with dry 
materials such as cast-iron borings, powdered asbestos, or 


graphite. 
used. 


Water or liquid extinguishers should not be 


Immediately after machining magnesium-alloy castings, 
they should be given a chemical surface treatment to im 
prove their corrosion resistance and to offer a good base 
for subsequent painting. These surface treatments all 
must be preceded by a cleaning operation to remove grease 
and oil. Cleaning can be done by boiling in an alkaline 
cleaner such as recommended for aluminum or by the us¢ 
of vapor degreasers or organic solvents. 

Great advances have been made in the last two years in 
the development of surface treatments for magnesium al 
loys, and four new treatments are now available which 
give excellent stability in marine atmosphere and which 
form a good paint base. These treatments are in addition 
to the chrome-pickle treatment mentioned previously and 
which is now used primarily as a temporary protection 
before machining. 


Specifications 
Name Navy Bureau of Aeronautics Army Air Cor} 
Chrome-pickle M — 302a 98 — 2001' \ 
Paragraph E3A 


Anodic PT12 

Dow No. 6 

Dow No. 7 Tentative alternate to 98 — 2001¢ \ 
PT13 Paragraph E3B 


Dow No. 8 M — 382 lternat 


Tentative 
to Dow No 


and Dow No. 8, 
were developed primarily to be used under paint, but Dow 


The anodic treatments, Dow No. 
No. 6 is recommended especially where painting is not 


possible. This coating is harder than the magnesium-alloy 
castings and thus offers some abrasion resistance as well as 
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corrosion resistance. For example, No. 6 treatment shows 
promise as a coating for the inside surface of magnesium 
alloy castings used 1n aircraft carburetors. Dow treatment 
No. 6 is applied in an autoclave at temperatures up to 
400 F and pressures up to 225 lb per sq in. The coating 
produced varies in color from light gray to bronze. 

Dow treatment No. 7 marks a distinct step forward in 
the surface treatment of magnesium alloys; is somewhat 
better than Dow treatment No. 8; and is much more effec- 
tive than the chrome-pickle treatment which has been in 
use for many years. It consists essentially of a 5-min dip 
in weak hydrofluoric acid at room temperature followed 
by a 45-min boiling in a water solution containing 10% by 
weight of sodium dichromate. The use of hydrofluoric 
acid involves some handling hazard, and instructions on 
this point should be obtained from magnesium suppliers. 
The treating solutions have a long life and are controlled 
easily. An outstanding advantage of this treatment is the 
fact that dimensions of the castings are not changed; thus 
close machining tolerances can be maintained. The coat- 
ing formed by Dow No. 7 treatment is dense, smooth and 
varies in color from dark brown to black. The following 
data show the increased efhiciency of Dow No. 7 over the 
chrome-pickle treatment in protecting magnesium alloys 
from salt water corrosion: 

Comparison of Chemical Treatments on Sand-Cast Dowmetal “H” 


Per Cent of Surtace Attack After 
Alternate Immersion in 3% NaCl at 95 F 


can be obtained as compared with sand castings. As is 
well known, the use of die castings also greatly reduces 
the cost and number of machining operations. It has been 
found that the newer high-pressure methods of die casting 
are particularly adaptabie to magnesiim alloys, and cast 
ings can be obtained that are sound, smooth and have 
dimensional accuracy comparable with other metal die 
castings. Fig. 2 shows magnesium-alloy die castings used 
in a transport plane. 

The composition of magnesium die casting alloys is 
given in Table 1, and the corresponding Navy Aeronauti- 
cal Specifications and Army Air Corps Specifications are 
given in Table 2. The mechanical properties of mag 
nesium-alloy die castings are given in Table 4. 

Dowmetal “R” is recommended as the best all-purpose 
alloy as it has the best combination of strength, elongation, 
and corrosion resistance. Dowmetal “EX” is recommended 
for those applications where a lower yield strength is 
acceptable and greater elongation and impact resistance are 
desired. 

Die design for magnesium-alloy die castings is similar to 
that employed in aluminum die casting practice; however, 
the gates and vents will require special consideration. 
Larger fillets and the rounding of sharp corners are also 
advantageous. 

Magnesium-alloy die castings usually are furnished to 
the aircraft industry with the chrome-pickle treatment. 
Machining, cleaning, and further surface treatment are 


Treatment One Month — Unpainted Four Months — Painted ° . ; f 
f, IT carried out the same as on sand castings, and the remarks 
nro C-pic i¢ or oOo : é 
lreatment No. 7 10 ‘ under that section apply. 


mw Die Castings 


Now that airplanes are being manufactured in real pro 
duction quantities, the use of magnesium-alloy die castings 
is becoming important because the die cast can be spread 
over a large quantity of castings and a net saving in cost 





Table 4 — Mechanical Properties of Dowmetal 
Magnesium-Alloy Die Castings 





m Forgings 


Magnesium alloys have been developed which are suit 
able for hammer forgings and also for press forgings. 
Hammer forgings are somewhat lower in cost and can be 
made closer to dimensions than press forgings, but the 
hammer-forging alloys do not develop as high strength as 
de press-forging alloys. The composition of magnesium 
forging alloys is given in Table 1, and the corresponding 
Government specifications in Table 2. The mechanical 
properties of 
Table 5. 


magnesium-alloy forgings are shown in 


' ged Teed | aoa ee Forgings are supplied with the chrome-pickle treatment, 
‘ nats wy ak nad Hendnes Hordness ft. It and remarks on machining and surface treatments as given 
eX 17,000 ; | under sand castings also apply to forgings. 
K 2,00 74 62 1 | 
- r _— 72 | 2 | Extruded Bars, Shapes, and Tubing 


Yield strength is defined os the stress at which the stress-strain curve devictes 0.2 
from the modulus line 
Mechanical properties are obtained on standard A. S. T. M. die cast specimens 





The use of magnesium alloys in the extruded form for 
aircraft is progressing rapidly, and aircraft engineers are 











Table 5-Mechanical Properties of Dowmetal Magnesium-Alloy Forgings 




































































| Tensile Strength Yield Strength Elongation in 2 in. Fatigue 
l 
Alloy Condition b./sq . — Ib /sq 2 Per Cent — _Brinel Endurance 
pecifie: pecified Specified ardness shes 
= | bina Minimum Typical Minimum Typical Minimum enacens Ib /sq in. 
| Press forged 40,000 _ 38,000 24,000 22,000 10 6.0 68 57 17,000 
S 7 Hammer forged | 37,000 34,000 26,000 19,000 VW 6.0 61 51 10,500 r 
_O | _ Press forged 45,000 42,000 30,000 24,000 8 5.0 86 78 18,000 
oO |} Press forged and aged 46,000 42,000 33,000 27,000 6 2.0 88 82 18,000 
x | Press forged 4) ,000 38,000 24 000 20,000 16 9.0 71 59 17,000 
x Press forged and aged 42,000 38,000 28,000 22,000 14 7.0 74 62 17,000 
| Yield strength is defined as the stress at which the stress-strain curve deviates 0.2% from the modulus line. 
Fatigue endurance values are obtained on R. Moore machines and are based on 500 million cycles. 
i. The properties of Dowmetal alloys J-1, O-1, and X-1 are the same as those of J, O, and X. 
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giving a great deal of thought to these applications. Tables 
1 and 2 give the composition and Government specification 
numbers for magnesium-alloy extrusions, and Table 6 
gives the mechanical properties of Dowmetal magnesium 
alloys in the extruded form. 

Of special interest are the so-called “-1” alloys which 
were developed primarily to meet Government specifica- 
tions. These particular alloys are of exceptionally high 
purity and develop greatly increased resistance to  salt- 


water corrosion without any sacrifice of mechanical 
properties. 
One of the newer uses for bar stock is for screw- 


machined conduit fittings. Dowmetal “J-1” alloy has been 
found to be the best suited for this purpose. Dowmetal 
“M” alloy tubing is also being used for electrical conduit 
tubing. Both the machined fittings and the conduit tubing 
are chrome-pickled before assembly as the chrome-pickle 
is the only available treatment that has sufficiently low 
electrical resistance for this application. Dowmetal “M” 
and “J-1” extruded shapes are being used for such parts as 
window frames, molding, and so on, and the use of “J-1” 
alloy is gradually extending to the more highly stressed 
parts. 

Extruded parts, with the exception of “M” alloy and 
both “M” and “J-1” electrical fittings just mentioned, 
should be given a surface treatment before assembly as 
described under sand castings. 


mw Sheet 


Magnesium-alloy sheet and plate is being used in in 
creasing quantities for aircraft parts, and Dowmetal “M” 





alloy is the most widely used composition in sheet form. 
This alloy conforms to Navy Bureau of Aeronautics speci- 
fication No. M-r111d alloy No. 11 and Army Air Corps 
specification No. 11317. It is available in both hard rolled 
(“MH”) and znnealed (“MA”) conditions. The compo 
sition of this alloy is given in Table 1 and its mechanical 
properties, in Table 7. This sheet is supplied to the air 
craft companies with the chrome-pickle treatment, and it 
should be retreated with the chrome-pickle treatment or 
the Anodic PT13 treatment after forming and _ before 
assembly. 

Magnesium-alloy sheet can be bent, drawn, and pressed 
readily, although these operations require some changes 
from present practice on other me.als. Dowmetal “MA” 
sheet can be bent cold around a radii down to 4f and 
“MH” sheet can be bent cold around a radi down to 
about 8. If sharper bends than 4¢ are required, it is neces 
sary to work the sheet in the temperature range of 500 to 
750 F. Tools should be clean, smooth, and well lub-icated. 
Lard oil is generally a good lubricant since it stands the 
heat well and is removed readily from «he formed stock by 
alkaline cleaners. Successful bending around short radii 
requires the removal of sharp corners and burrs from the 
edges of the sheet near the bend line. Bending lines should 
not be prick-punched, as such marring of the surface may 
result later in fatigue cracks started from these points. 

Magnesium-alloy sheet can be hot-formed successfully 
with the regular drop hammers such as are used in the 
aircraft industry, and either magnesium or aluminum dies 
should be used instead of the regular lead and zinc dies. 
This substitution is necessary to prevent pick-up of the die 
material on the surface of the sheet at the elevated tem- 





Table 6—Mechanical Properties of Dowmetal Magnesium Alloys in the Extruded Form 




















































































































Tensile Strength Yield Strength Elongation in 2 in Fatigue 
; Ib. /sq. in. Ib./sq. in Per Cent | Compressive Shear Rockwell Brinell Endurance 
, Alloy Condition ree cena ls hed Strength Strength ase wc tae 
Troiat | Seesited | tyoict | Seared | rvoica: | Speed | te/sacin. |G /san. | Hordes | 75m | 
ae }___ 
F As extruded 40,000 37,000 29,000 25,000 16 12 59,000 20,000 53 47 | 14,000 
———— ——— — — — 
J As extruded 43,000 40,000 | 30,000 26,000 17 12 | 69,000 | 20,000 | 65 54 } 17,000 
- ————} - —$$— SO oO aaa aoe eae } 
M As extruded 42,000 32,000 27,009 20,000 6 | 3 | 49,000 | 18,000 | 40 42 00 
_ —— + — —EE ee ; <a ——}—— $+] a 
O As extruded 47,000 | 43,000 | 33,000 | 28,000 | 11 | 9 | 75,000 | 20,000 | 73 61__|_ 17,000 | 
hot : are acest cope pj ae ad sare TE ieee | Z - 
x As extruded 42,000 | 39,000 | 30,000 | 26,000 9 6] (15 | 72,000 | 20,000 | 61 | 51 | 18,000 | 
~ t a ok ee rT ee coo crea a =r 
x Extruded and aged 44,000 | 41,000 | 34,000 ‘| 30,000 13 10 } 72,000 | 21,000 | 65 | 54 17,000 
Properties are for round and square bars up to | 2 inches | 
Yield Strength is defined as the stress at which the stress-strain curve deviates 0.2% from the modulus line. 
Fatigue Endurance values are obtained on R. R. Moore machines and are based on 500 million cycles 
The properties of Dowmetal alloys J-1, O-1, and X-1 are the same as those of J, O, and X 
Table 7-Mechanical Properties of Dowmetal Magnesium-Alloy Plate and Sheet 
: 1 ——_— 
Tensile Strength } Yield Strength Elongation in 2 in | 
Ib./sq. in Ib./sq. in Per Cent | Rockwell Brinell Bend Radius } 
Alloy Céndition’ pene — aes. | goer | is | 4 ae ge —— | 
| Specified | pecified | | Specified | | Praraness | Specified | 
Typical | Minimum | Typical | Minimum | Typical Minimum | Hordness | | Typical | Maximum 
‘ Hard Rolled (Eh) 45,000 | 39,000 | 34,000 | 28,000 | eee ee 2. a Tee UP 
Annealed (Ea) 39,000 | 42,006 20,000 | ae | 15 | 10 68 57 ans 3t 
fox | | | | | 
M Hard Rolled (Mh) 37,000 | 32,000 | 27,000 | 24,000 | 9 4 I ae Ss a oe eo 
Annealed (Ma) 32,000 | 35,000 | 16,000 | --.. | 15 } 12 56 C| S48 | — < 
Max.? | | 
Yield strength is defined cs the stress at which the stress-strain curve deviates 0.2 from the modulus line 
The property values above apply to thicknesses of 0.016” through 0.250”. Thicker material may deviate somewhat from these values 
By maximum bend radius is meant that material should take without fracture a bend around a radius of 3t or less. This determination is made on 
one inch samples in thickness up to No. 8 B. G S. gauge. Larger radii should be used in the shop as determined by trial 
*Unless the temper is specified, the above alloys will be furnished in the annealed condition 
*Specified as maximum to insure complete annealing | 
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m Fig. 3— Magnesium-alloy parts hot drawn from sheet 


peratures of hammering. The female, or bottom, dic 
should be heated to about 400 F, and the sheet should be 
preheated in an oven to about 700 F. In all heating oper- 
ations it is essential to keep the temperatures below 800 F 
to avoid grain growth. Very little spring-back occurs on 
the hot worked sheet. 

Power drawing is being done successfully, and the tem 
peratures of working are the same as just given. The 
speed of drawing should be less than for other metals and, 
therefore, hydraulic presses are best suited for this type of 
work. Fig. 3 shows magnesium-alloy parts hot-drawn from 
sheet. 

Magnesium alloys should be riveted with aluminum 
alloy rivets, and either 2S or AM55S are recommended. 
2S rivets are easy to drive, but should be used only for 
very thin sheets and for lightly stressed parts. For heavier 
gages ol sheet and for stressed parts AMs555S rivets are 
recommended especially because of the good strength and 
because this particular rivet material minimizes electrolytic 
action and resultant corrosion between the aluminum rivet 
and magnesium-alloy sheet. Rivet holes should be drilled 
rather than punched in order to obtain maximum smooth 
ness on the edge of the rivet hole. Cone-point heads should 
be used on rivets wherever possible as they require less 
driving pressure with less resultant danger of cracking of 
the sheet. 

Magnesium alloys can be gas-welded successfully with 
an oxy-acetylene torch. Dowinetal “M” alloy is the easiest 
of magnesium alloys to weld and is, therefore, used suc 
cessfully for such parts as oil tanks, and so on. Dowmetal 
“J” and “J-1” extruded shapes, bars, and tubes can be 
welded although not as readily as can “M.” The welding 
rod should be of the same composition as the material 
being welded. A neutral flame never should be allowed to 
become oxidizing. 
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Special welding fluxes are required and are available 
from magnesium suppliers. It is most important that the 
flux be cleaned thoroughly from the weld immediately 
after the welding operation because the flux is extremely 
corrosive. The weld should be washed with hot water 
and scrubbed with a stiff-bristle brush and should then be 
dipped in a chrome-pickle solution followed by a rinse 
with cold and hot water. It is particularly important that 
welds be designed so that flux is not trapped and, because 
of this fact, lap welds especially should be avoided. 

In assembling magnesium-alloy parts into an airplane, 
it is important that these parts should be protected suitably 
or insulated where two surfaces come in contact. This 
statement is particularly true if the magnesium alloy comes 
in contact with a dissimilar metal or wood. The mag- 
nesium-alloy contact surface will, of course, be surface- 
treated as described earlier in this paper but, in addition, 
zinc-chromate primer, sealing compounds, or gaskets 
should be used in the joint. The choice of these materials 
depends upon the conditions encountered. Suitable sealing 
compounds and gaskets are available, and specific recom 
mendations can be given by the magnesium suppliers. 

After assembly, magnesium-alloy parts should be painted 
wherever possible, and Army and Navy specifications cov- 
ering painting and finishing material for aircraft use have 
been found satisfactory for magnesium alloys. For exposed 
surfaces it is recommended that one coat of primer be used 
followed by two or more finish coats. The following table 
lists the Government specification numbers of suitable 
primers and finish coats for magnesium alloys: 


Primers 
1. U. S. Army Specification 14080 (air-dry, or bake 14 
hr at 160 F). 
2. Navy Aeronautical Specification P-27 (air-dry or bake 
1 hr at 160 F). 
Finishes 
1. U.S. Army Specification Varnish TT-V-12ta plus 14 
aluminum pigment per gal. 
2. U. S. Army Specification Enamel 3-98-C. 
3. Navy Aeronautical Specification Varnish V-1ro plus 
> lb aluminum pigment per gal. 
4. Navy Aeronautical Specification Varnish V-11 plus 
1% lb aluminum pigment per gal. 


~ 


| 


5. Navy Aeronautical Specification Enamel M-67. 
6. Navy Aeronautical Specification Enamel E-5 or E-6. 


All finishes listed are normally air-dried, but have been 
successfully force dried for one hour at 225 F with im 
provement in finishing time and performance. 

A satisfactory heat-resistant engine enamel is covered by 
U. S. Army Specification 3-135. 

The foregoing remarks are intended to cover the more 
important phases of the use of magnesium-alloy parts for 
aircraft, and it is realized that the scope of this subject is 
too broad to allow complete coverage in a paper of this 
length. It is hoped, however, that the information and 
suggestions given will enable the aircraft engineers to 
expand their uses of magnesium alloys in the aircraft in- 
dustry and thereby to obtain increased efficiency in airplane 
performance. 








EOPLE engaged in mechanical pursuits, especially those 

of considerable experience, are well aware that any 
change in the existing order of things usually has far- 
reaching effects. Often it has been the case that one new 
development has led to another, which originally was un- 
foreseen. It is this condition that has resulted in the de- 
velopment of a new method of bonded abrasive grading, 
as an outgrowth of a new process of surface finishing. 

For the past several years, the Foster Machine Co., of 
Elkhart, Ind., of which the author is metallurgist, has been 
engaged in the manufacture of Superfinishing machines. 
As this process has to do with the removal of a surface layer 
of metal of very special characteristics, it seemed logical to 
assign the experimental work to the Metallurgical Depart- 
ment. These new duties soon included the determination 
of the several variable conditions peculiar to the process 
during the set-up and trial of each machine prior to ship- 
ment. Among the most important of these variables was 
the proper selection of abrasives or “stones.” 

This selection often has been difficult and, once made, 
hard to duplicate because of the apparent inability of stone 
manufacturers to grade properly and uniformly the hard- 
ness of the bond. It is the purpose of this paper to describe 
how a satisfactory method of grading medium to fine-grit 
bonded abrasives was developed. 

In order to demonstrate clearly the difficulties encoun- 
tered and how the solution was reached, it seems necessary 
to review some of the basic principles which are essential 
to successful Superfinishing. 

As most engineers already know, Superfinish is a new 
method for the refinement of the usual commercial finishes, 
such as are produced by grinding, and so on. This new 
finish is obtained by the application of fine-grit bonded 
abrasives to the surface which it is desired to improve in a 
manner which will be described in detail. 

There are several features which contribute to the re- 
moval of the undesired distorted and rough surface layer, 
down to the base crystalline metal. Among these features, 
in addition to the bonded abrasive, are the short motions or 
oscillations imparted to the stone; the light pressure applied 
to it; and the double purpose of the lubricant. Only by 
proper control of these variable features is it possible to 
obtain satisfactory results. 


m Type of Superfinishing Stones 


After thorough investigation, involving the trial of stones 
of every kind of bond and grade of hardness, as well as 
the kind and size of grit, it was found that there were 
comparatively few uses for any but vitrified bonded stones 
of an open or porous structure, and usually of 320 to 600- 
grit size. These stones, whether they are of cup or stick 
shape, are applied to the rotating work with a series of 
short, fairly rapid motions, designed to prevent accumula- 
tions of loads on the working face of the stone, and to 
avoid duplication of the paths of the grits. 

It is possible to introduce a greater complexity of motions 
in the Superfinishing of flat work than of cylindrical work, 
and thus produce a slightly better surface. However, it 
will serve the present purpose just as well, and be explained 
more easily if the action of stick-type stones, used in cylin- 
drical work, is described. 


{This paper was presented at the National 
the Society, Hartford, Conn., May 8, 1940.] 
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A New Method of 


by E. L. HEMINGWAY 


Foster Machine Co. 





HE difficulty of selecting the proper abrasives 

or "stones" for Superfinishing machines made 
by his company, because of the "apparent inability 
of stone manufacturers to grade the hardness of 
the bond properly and uniformly," led to the de- 
velopment described, Mr. Hemingway explains. 


Reciting the difficulties encountered in Superfin- 
ishing operations due to lack of correct bond grad- 
ing he declares that, when a stone of too great 
hardness is applied to a ground surface, its too- 
rigidly-held grits are not removed to dress and 
sharpen its face and the cutting action slows down 
much sooner than desired. When the stone used 
has too little bond strength its action on the hill 
peaks results in an extremely rapid removal of 
metal as the stone breaks down very fast. 


After describing various preliminary tests, he re- 
veals that a Rockwell hardness tester with a !/g-in. 
steel ball and a 60-kg load finally was selected for 
grading Superfinishing stones. A curve is included 
that indicates the proper stone to use in Superfin- 
ishing a given hardness of steel under standard 
conditions. He explains that such graphs have been 
used for five months with satisfactory results, and 
reports that the former difficulties have practically 
disappeared. 


In conclusion, Mr. Hemingway contends that 
every user of fine-grit bonded abrasive, no matter 
what their application may be, has at his disposal! 
in this method an accurate means of predetermin- 
ing their cutting characteristics. 





Accordingly, an imaginary job may be set up to observe 
how control of pressure, of viscosity of stone lubricant and, 
most important, of bond hardness of the abrasive can be 
used to produce a definite quality of finish, which will be 
duplicated automatically on any number of the same parts. 

Suppose a shaft bearing be taken for example. The first 
requirements are a means for rotating the shaft, and a 
mechanism for the application of the stone, and production 
of its short motions or oscillation. Any of the conventional 
methods can be used for the shaft rotation, such as between 
lathe centers. 

For the application of the stone and its oscillation, there 
are several machines available from a simple lathe attach- 
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TESTING AND GRADING Fine Abrasives 


ment which is mounted on the cross slide of the lathe to 
others capable of high production. In any of them, the 
stick-type abrasive used is approximately 60% of the work 
diameter in width, and of about the same length as the 
bearing, unless it be unusually long. The spring pressure, 
applied to hold the stone lengthwise against the bearing, 
varies from a few ounces to 20 lb per sq in. of stone area 
in contact with the work. 

As the shaft rotates, the stone is oscillated at right angles 
to the direction of the shaft rotation, at a speed of 350 to 
450 complete cycles per min, and with an amplitude of ' 
to 4 in. No other motion is imparted to the stone, unless 
the length of the bearing makes it necessary to traverse the 
Superfinishing head. 

Where traverse is not necessary, the Superfinishing oper 
ation seldom requires over 10 sec to 1 min for completion. 
Nevertheless, during that short period of time, the condi 
tion of the working face of the stone must go through a 
definite cycle, if the predetermined quality of finish is to 
be obtained. However, if the previous finish was produced, 
as usual, by grinding, the surface is composed of alternate 
minute hills and valleys. For some depth, the high pres- 
sure, speed, and resultant heat of the grinding operation 
has converted a layer of the metal to a fragmented, and 
smeared state and, in the case of hardened steel, to an 
annealed condition. 

As the stone is applied to such a surface, it first encoun 
ters the peaks of the hills, and here the unit pressure is 
high due to the small area of contact. Stone-to-metal con- 


tact is attained easily, no matter how high the viscosity of 


the stone lubricant may be. If the proper grade or bond 
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m Fig. | — The relation- 60 
ship between stone 
hardness, steel hard- 55 
ness, and stone-manu- 
facturer's grade _ indi- 
cates the proper 
vitreous bonded alu- 
minous-oxide grinding 
stone for the cylindri- 
cal Superfinishing of 
steels only under the 
following conditions: 
Oscillation, 450 cycles 
per min 
Grit, 500 to 600 
Surface speed, 60 fpm 
International com- 
pound No. 155, 15% 
Profilometer reading, 
2 to 3 micro-in. 
Pressure on stone, 12 
lb per sq in. 
Load, 60 kg 
Ball, '/g-in. steel 


Carborundum Co's. grading 


Bay State Co's. grading | 


Steel hardness, Rockwell C 
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hardness of stone is employed, it will, at this point, break 
down to some extent, presenting new and sharp grits, thus 
rapidly removing the hills, or peaks in comparatively large 
chips. Here the flow of lubricant has only one purpose - 
to wash away abraded particles of metal and stone. 

As the peaks are removed, and become plateaus, the unit 
pressure on the grit points becomes less because the area 
of contact between stone and metal has increased, and it 
becomes increasingly difficult for the points to penetrate or 
bite into the metal. 

If the points do not bite so deeply, sufficient leverage is 
not exerted upon them to pry them out, and thus dress and 
keep sharp the stone. So the stone becomes duller and 
duller as the area of contact becomes greater and the unit 
pressure becomes less. 


= Glaze Built Up on Stone 


Naturally these dull points remove progressively thinner 
and smaller bits of metal. Near the end of the operation 
cycle these particles are so small that they are oxidized 
immediately, and are deposited in the pores of the stone. 
These deposits help to build up a desired glaze on the sur- 
face of the dulled stone, and also contribute to an increase 
in contact area, to the point where a lubricant of the cor- 
rect viscosity will finally actually prevent further contact 
of stone and the bearing, and further removal of metal 
ceases, 


Thus there is an automatic cycle of rapid stock removal, 
followed by a progressive polishing action, controllable to 
any desired degree of surface smoothness by the proper 
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selection of pressure, lubricant, and bond hardness of stone. 
Application of the stone to another rough bearing will 
break down the glaze on the stone face, and the described 
cycle will be repeated. It is seldom necessary to dress 
Superfinishing stones of correct hardness. 

While it is possible to control the point at which the 
stone stops removing metal, and thus the quality of finish, 
by variation of pressure, lubricant viscosity, and surface 
footage of the bearing, experience has shown that bond 
hardness of the stone is of much more importance. Un- 
, fortunately, this feature has been much harder to control 
due to the inefficiencies of the testing methods that have 
been employed by the abrasive stone manufacturers. 


w Hard and Soft Bonds 


Now the question arises: What are the results when the 
bond hardness proves harder or softer than there is reason 
to believe? 

When a stone of too great hardness is applied to a ground 
surface, its too-rigidly-held grits are not removed to dress 
and sharpen its face, and the cutting action slows down 
much sooner than desired. Further, such large particles of 
metal that may be removed by the first few passes of the 
grits, often cling to them and become permanent “loads.” 
A particle of this size will tear out the grit if the stone is of 
correct grade, and both the metal and grit will be washed 
away by the lubricant. 

These loads, retained by the too-firmly-held grits, imme- 
diately start tearing deep scratches in the bearing surface, 
and soon will ruin it if the stone is not removed. 

When the stone used has too little bond strength, its 
application on the hill peaks results in an extremely rapid 
removal of metal, as the stone breaks down very fast. 
Unfortunately, after the hills have become plateaus, the 
bond still does not have sufficient strength to retain the grit 
under the reduced leverage and unit pressure, and the 
stone continues cutting rapidly. The continuously sharp- 
ened grit points will penetrate a lubricant of any viscosity, 
and there will result neither a sufficiently smooth surface 
nor a controlled cycle in any respect. 

Such are the effects produced by the use of stones of too 
great or too little bond hardness or strength. One experi- 
enced in Superfinishing can, by examination of the work- 
ing face of the stone, determine whether it is of the correct 
hardness. If it is too hard, its face will show bright shiny 
spots of retained metal particles. If too soft, the color of 
the face will be the same as the unused sides; it will appear 
clean. If it has gone through the correct cycle to produce a 
good finish, it will be discolored by the deposit of oxide, 
but will show no metallic specks. 

In addition to visual examination of the bearing surface 
and the stone face, two other tests are used in order to 
determine whether or not the bond hardness is correct. 
Experience will have shown that the previous finish should 
be removed in a certain length of time, and a Superfinished 
surface of a certain Profilometer reading should be ob- 
tained. By these means of inspection it is not at all difficult 
to find any deviation from correct hardness. It has been, 
however, a source of great difficulty to select a harder or 
softer stone as the conditions may require, because of their 
mis-grading. 

In the Foster Laboratory, one of the requirements has 
been to Superfinish hundreds of sample parts. Naturally, 
very little experimental work in determining the proper 
grade of stone could be done on a single part for a pros- 


334 


pective user of the process because it could easily be so 
much reduced in size by the use of a stone too soft, or too 
deeply scratched by a too-hard, loaded stone, that the 
result would be decidedly unfavorable. Under these cir 
cumstances it should be readily apparent that some accurate 
means of predetermining the bond strengths or cutting 
capacities of stones was not only desirable, but almost abso 
lutely necessary. 

have been 
found, up to this time, graded in a manner even close to 
satisfactory. Unless a stone was available that had been 
actually work-tested, it was never known what results 
would be obtained. It was the rule rather than the excep 
tion to try anywhere from two to six stones before one was 
feund that would do a satistactory job. 

At first it was assumed that, if there was an adequate 
method of stone testing, it certainly would have been dis- 
covered long ago. Finally, it was decided that a trial of the 
Rockwell hardness tester might possibly be of advantage. 
The opinion has been held that the diamond would prove 
to be the only practical tool for testing abrasives. This idea 
later was proved erroneous, but first tests were made with 
an early-model Rockwell and the diamond penetrator. 

Preliminary tests with the diamond and the usual load 
of 150 kg immediately proved that considerably less pres 
sure was necessary. The diamond penetrated the stone to 
a far greater depth than it did when testing steel, and the 
needle made two or three circuits of the dial. After fur- 
ther experiment, it was found that the 60-kg load was the 
most satisfactory one available. The “C” or black scale, 
usually associated with the diamond penetrator, gave a 
great inany minus readings so they were taken from the 
“B” or red scale instead. Approximately go of stones 
suitable for Superfinishing will thus show a plus hardness 
number. 


Nevertheless, no manufacturer’s abrasives 


After working out this combination of load and scale to 
be used, systematic testing of stones was undertaken. For 
tunately, those first tested were a lot of unusual uniformity. 
A variation of only 3 points Rockwell was found in the 
first lot of the same marked grading. Trial of a second lot 
of different grading showed them to be of a different Rock 
well hardness but also quite uniform. These findings 
seemed distinctly encouraging. 

Eleven separate lots of stones were on hand at this time, 
all from the same manufacturer. Seven of these lots checked 
quite uniform, about 3 points variation in any one and 27 
points from the softest to the hardest. Two other lots 
apparently had been mixed in grading, as one-half of each 
tested g and the other half 32. Two small lots of very fine 
grit showed considerable variation in hardness. 

Having thus seen that a lot of two dozen stones would 
test so uniform and that different lots checked a reasonable 
number of Rockwell points apart, it seemed that the in 
vestigation might prove of value. 

Each lot next was listed in the order of their increase in 
hardness number, and this order compared with the manu- 
facturer’s alphabetical grading. It was immediately appar- 
ent that the Rockwell sequence was not in accordance with 
that of the maker of the stones. This again was encourag- 
ing, because it seemed reasonable that here was evidence 
of mis-grading, and the cause of the erratic results that had 
been obtained in actual Superfinishing. 

An example of this sort of condition had occurred just 
a few days before this time. It was necessary to Super- 
finish 12 large pilot bars, and a new type-of-bond stone 
was being used unsuccessfully. The job was taking 344 hr 
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each when it should have been done in 20 min. When 
they were half completed, a lot of six %4-in. square 1000 U, 
and one of six 1-in. square 1000 U stones were received. It 
was felt that these stones were of too fine grit for such 
work, but it was decided to try them as apparently nothing 
would be lost thereby. Surprisingly, the first bar was done 
in 18 min, and a beautiful job obtained with the *4-in. 
square. But, on trying the 1-in. square, no such speed was 
possible. 

After the testing of stones began, this condition was re 
called, and it was suggested that a hardness test might 
explain this difference in cutting capacities. The Rockwell 
test of these two stones of identical manutacturer’s grading, 
received at the same time, showed the %4-in. stone to check 
4, and the 1-in. stone to be 16 hard. This increase in hard 
ness of 4 to 16 seemed to be accompanied by a considerable 
decrease in cutting capacity. 

During the next month approximately 300 Superfinish 
ing tests were made on the eleven lots of stones. All of 
them indicated that the Rockwell test was as consistent 
with the cutting characteristics as possibly could be desired, 
and that the manufacturer’s gradings were not sufliciently 
accurate. The troubles encountered in finishing customer's 
samples began to diminish. 

In order to provide a wider diversity for needs and test 
purposes, a large number of stones were then ordered from 
two different manufacturers. Every bond hardness usable 
was included. Upon receipt of these stones, approximately 
1500 separate hardness tests were made upon 402 of them. 

These 402 were of 24 different items averaging about 17 
stones per grade. Of the 24 lots, only 14 were found to be 
of satisfactory uniformity, and only 4 of these were esti 
mated to be of anywhere near correct grading. Eight lots 
showed a variation of 6 to 17 points Rockwell in each. 
Most lots which had a wide spread in hardness were also 
lacking in uniformity in individual stones, often as much 
as 10 points in one. This, it was believed, undoubtedly 
accounted for the uneven wear that often had been ob- 
served. After these hardness tests had been completed, the 
stones were arranged in a cupboard, classified according to 
the Rockwell numbers only. 

During the following three months some 700 Superfin 
ishing tests were made to further ascertain whether the 
cutting characteristics of these stones were actually con 
sistent with the Rockwell hardness numbers. It was the 
intention too, if this proved to be the case, to collect the 
data necessary for the construction of a graph which would 
indicate the proper hardness of stone to use with any given 
hardness of steel. 

In all these tests, no case was found where this new 
method of hardness testing was not found to accord with 
the actual Superfinishing qualities of the stones. The sam 
ple work which had been so difficult became easier and 
easier as the relation between steel hardness and stone hard- 
ness was established. Data were collected carefully in order 
to locate the correct Rockwell hardness limits for each of 
the two manufacturer’s gradings, as well as to construct the 
steel hardness versus stone hardness graph. 

After the three months’ additional work was completed, 
satisfactory grading limits were established. Having located 
these gradings, it is interesting to reconsider the results of 
the testing of the last 402 stones plus those originally 
checked, a total of 529 stones of 35 different lots. Of these 
35 lots, only 6 averaged correct grading. Thirteen lots 
averaged 10 to 22 points from true grading. The extreme 
was as high as 27 points, and this value represented the 
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difference between a stone intended for work on steel of 
62 Rockwell and on work of 10 Rockwell. 

Up to this time all work had been done with the dia- 
mond penetrator and the 60-kg load on an early-model 
Rockwell. While the results had proved very satistactory, 
it was believed that they should be checked by the use of 
a new instrument before making this information available 
to those interested in abrasive grading. Accordingly, a new 
machine was secured, with the manufacturer’s recommen- 
dation that the possibilities of the use of the %-in. steel 
ball, in place of the diamond, be investigated. 

Upon receipt of the new tester, approximately 1000 tests 
were made in order to determine the dependability of the 
steel-ball penetrators. These tests were made upon both 
relatively fine and coarse grits, and upon both hard and 
soft bonds. The conclusion was reached that 50 to 60 tests 
with the same ball could be made without danger of appre- 
ciable error. While there will be some possibility that a 
ball occasionally will be used after it is too badly worn, it 
has been adopted as the standard for the test, and the use 
of the diamond discontinued. Another fact that contributed 
to this decision was that a better range of hardness num- 
bers, with no Superfinishing stones of vitrified bond giving 
minus values, was obtained with the %-in. ball and a 60-kg 
load, than with any of the several other combinations of 
penetrator and load which were tried. 


mw New Tester More Sensitive 


Correlation of the results of the old set-up with the new 
showed that a range of Rockwell numbers which varied 
from —5 to +45, became +15 to +85 with the use of 
the ball and the new instrument. Not only was the new 
model somewhat more sensitive, particularly in testing very 
soft stones, but the ball gave a range of 70 points instead 
of the 50 points obtained by use of the diamond — a further 
increase in sensitivity. 

After thus translating the first data into terms or num- 
bers of the newly adopted standard conditions, a revised 
graph was constructed (Fig. 1) which indicates the proper 
stone to use in Superfinishing a given hardness of steel 
under standard conditions. The original and the new 
graphs have been in use for nearly five months with highly 
satisfactory results. Guesswork in the selection of stones 
of a desired hardness has been eliminated entirely, and the 
difficulties formerly experienced with the Superfinishing of 
samples and in the set-up of machines have practically dis- 
appeared. 

In making the Rockwell test, the use of a late single- 
lever model is recommended. When using the older types 
with only a 60-kg load, some error due to friction will be 
found, particularly in testing very soft stones. As related 
before, the '%-in. steel ball and the 60-kg load, designated 
as the “H” combination, should be used in testing 320 and 
finer grits. The speed of drop of the weight lever should 
be adjusted so that the elapsed time from its release until 
it meets the stop, is 3 to 4 sec. The weight lever should be 
raised immediately after it comes to a stop, and the Rock 
well number taken from the “B” or red scale. 

Owing to the possibility that a stone may vary in hard- 
ness, it is advisable to test it at three points — both ends and 
the center. Many times, stones will be found to vary from 
face to face as well. Most lots of stones have been found to 
be either of saisfactory uniformity or to show the same 
pattern of variation in each individual stone of the lot. 
Hard stones are usually more uniform than the soft grades. 








On examining the graph of Fig. 1, it will be seen that 
limits are shown for each grade of stones used in Super- 
finishing made by the Bay State Abrasive Co., and the 
Carborundum Co. The Bay State Co. further divides each 
alphabetical grade into three numerical grades, for in- 
stance 1H, 2H, and 3H. It is not to be inferred that other 
makes of stones are not recommended. Time has not been 
found for trial of others. However, it is a pleasure to 
acknowledge the friendly interest taken by these two com- 
panies in this investigation. 

The location of these gradings has at least two uses: to 
locate the alphabetical grading for ordering once the cor- 
rect Rockwell hardness has been determined; and to inspect 
incoming stones for correctness of grading. 

The curved line of the graph is intended as a guide to 
the selection of vitreous bonded aluminous oxide stones for 
the cylindrical Superfinishing of steels. To determine the 
proper hardness of stone to use, find the Rockwell C hard- 
ness of the steel on the vertical column of numbers at the 
left edge of the graph. Follow the line passing horizontally 
through this steel number to the right, until the curved 
line is met. Now follow the vertical line, intersecting the 
horizontal at that point, downward to the stone hardness 
number in the horizontal column at the bottom of the 
graph. 

While experience has proved this graph to be accurate 
under the conditions noted in the caption, any changes in 
these variables will also change the selection of stones to a 
small extent. These conditions are: 

Oscillation, 450 cycles per min. 

Grit size, 500 to 600 mesh. 

Surface footage of the work, 60 fpm. 

Percentage of International Compound No. 155 in a balance of 
kerosene, as a lubricant, 15%. 


Profilometer reading desired, 2 to 3 micro-in. 


Pressure, lb per sq in. on stone, 12. 

If, for instance, the surface footage of the work be jn- 
creased above the 60 fpm, a few points softer stone must be 
used. If the percentage of International Compound be 
decreased, a slightly harder stone is in order because de- 
creasing the viscosity causes a stone to cut faster, or act 
softer. Variation of grit size will not usually affect the 
bond hardness as chosen by the graph, but the Profilometer 
reading so obtained will be less when using finer grits than 
the 500 to 600 shown, and slightly higher with the use 
of coarser grits. All these effects are small and are com- 
pensated for readily after a reasonable amount of experi- 
ence in Superfinishing. 

It is desirable to start the operation at about 20 surface 
fpm and, after removal of the ground finish, to increase 
this speed to close to 100 fpm. This method does not affect 
the selection of the stone by the graph. As compared with 
the results obtained by the single speed of 60 fpm, the stone 
will act softer during the slow speed, and remove the 
roughness of the part more quickly. Then, at high speed, 
the stone acts harder than normal, and produces a smoother 
surface of lower Profilometer reading than at the single 
speed. 

In addition to the information shown in Fig. 1 for the 
Superfinishing of steels, it is believed that the Rockwell 
method of testing bond hardnesses will prove of invaluable 
assistance in the Superfinishing of any material. Even 
though nothing at all is known as to the required hardness 
for the work at hand, a short trial will show that the stone 
used is too hard or too soft. If other stones are available, 
of different and known (not guessed) hardness, the correct 
selection is made comparatively easy. 
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The application of the Rockwell method to the grading 
and selection of vitrified bond stones used in the Super 
finishing process has been tried so thoroughly that there 
seems to be no reasonable doubt as to its efficiency for that 
purpose. That the use of the '%-in. steel ball has its limi 
tations as to the coarseness of grit that can be tested is also 
reasonable. Meshes of 320 to 1000 have been tested success 
fully in a routine manner. 

However, it is believed that much coarser grits can be 
graded with a larger ball and a heavier load. In fact, a 
small amount of experimental work has indicated that an 
increase in ball size to 4 in., and at least a 150-kg load 
offer definite promise along that line. 

While much work remains to be done in exploring the 
possibilities of this method for the grading of the coarser 
grits, used in grinding, as well as other bonds than the 
vitrihed, it is believed sincerely that every user of fine-grit 
bonded abrasives, no matter what their application may be, 
has at his disposal an accurate means of predetermining 
their cutting characteristics. 


DISCUSSION 


Limitations Imposed by 
Structure and Treatment 


— Lowell H. Milligan 


Norton Co. 

E. believe that use of the Rockwell method as proposed b Mr 

Hemingway has possibilities. 

As you perhaps know, the Norton Co. has done and is doing con 
siderable work connected with the grading of bonded abrasive prod 
ucts. The use of the term “grading” in this connection means a 
determination of the strength of the bonding which holds the abrasiv: 
grains together to form the abrasive article. Our study of the Rock 
well method shows that the results obtained on soft grade vitrified 
products of fine grain size, such as Superfinishing sticks, check sati 


factorily with our other methods of grading. 

From our point of view the Rockwell test does not give us an 
new or different information from that obtainable by other grading 
tests which we make. However, the Rockwell test is a quick and easy 
one to apply, and the general availability of Rockwell machines opens 
up the possibility of grading determinations being made by the use: 
of abrasive products employing his own equipment. 

Structure of Bonded Abrasive Products versus Their Grinding 
Action —In order to understand the significance of Rockwell determi 
nations on bonded abrasive products, it is necessary to appreciat 
something of the structural nature of these products. For example, a 
vitrified-bonded Superfinishing stick of soft grade is very porous and 
actually may contain one-half of its volume in the 
connecting pore spaces. 


torm ol 
The remaining 50% of its volume consists 
mainly of abrasive grains, with only a few volume per cent of bond 
holding them together. 

Organic-bonded abrasive products may be of quite a different struc 
ture. Those bonded with such materials as shellac or rubber composi 
tions usually are essentially non-porous, and all the spaces between th 
abrasive grains are filled with the which 
together in the article. 

When metals are surfaced by abrasive operations, and vitrified 
bonded abrasives are compared with organic-bonded abrasives for 
this use, the grinding action of the two is usually found to be quit 
different. In the vitrified products, pores are available through which 
lubricant and coolant may pass, and into which metal chips and 
grinding swarf may penetrate. The vitrified bond itself is rigid and 
non-plastic, and is substantially unaffected by the heat of grinding 
or by the coolants and lubricants employed. 

On the other hand, with organic products of the type just described 
that contain no pores, a considerable amount of the weaker organic 
bond is more or less in contact with the metal being surfaced. Often 


inter 


bond holds the grains 
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these organic bonds are softened by the coolants and lubricants em present in vitrified abrasive products. Coarse-grain-size articles differ 


ployed. Furthermore, they are quite susceptible to heat generated in from fine ones only in the scale of this interlacing pore system estab 
abrasive operations, and release of dulled abrasive particles often takes lished by the abrasive grains. A thin section of a No. 100 grain siz 
place as a result of the effect of heat on the bond. article looks identical with that of a corresponding No. 200 grain size 
In abrasive operations, the stresses involved which are the cause of article when the latter is viewed at a magnification twice that of the 
the abrasive grains being worn away or torn out of the surface of th former. 
abrasive product, we now consider to be resolvable into compressiv« Table A presents data showing the relationship between abrasive 
stresses and tensile stresses. In different types of abrasive operations grain size (grit number) and grain-depth of Rockwell tests. This 
the relative involvement of compressive stresses and tensile stresses table has been calculated for a few examples between Norton siz 


may be quite different. 

If this be admitted, then its corollary is that both tensile and 
compressive characteristics of abrasive bodies must be known in order 
to predict their performance in use. These characteristics must be 
“weighted” in a manner similar to the degree of their involvement 
in the particular abrasive operation being considered if the action 
the abrasive product in use is to be predicted properly. 

Application of Rockwell Hardness Method to Bonded Abrasiv« 
Products ~ When a vitrified-bonded abrasive product is tested with 
the Rockwell machine, the deformation under the penetrator takes 
because non-plastic abrasive grains and bond are crushed, 
and the crushed fragments fill up the adjacent pore spaces of thi 


place largely 


article. This test then measures the compressive force required to 
disrupt the bond posts and push the abrasive grains into the pores of 
the article. If the pores contain anything else besides air, then this 


material, even though it may have no strength of itself, will interfer: 
greatly with the Rockwell penetration, and will increase the apparent 
Rockwell hardness of the article much beyond its effect on the grind 
ing performance of the product 

Non-porous organic-bonded abrasive products deform differentl 
from this under the Rockwell penetrator. Their bond possesses plastic 
properties, but their abrasive grains do not. The bond is therefor 
displaced plastically to a certain degree and the abrasive grains mo\ 
around. The absence of pores increases the apparent hardness of th 
product considerably. Any effects of heat on the bond properties ar 


not evaluated in the Rockwell test which is done at room temperature, 


although heat is generated in abrasive operations and is likely to 
influence the way organic-bonded products perform. 


In both of these cases, the Rockwell determination represents a test 





in compression only. It is therefore not capable of evaluating th« 
tensile characteristics of the abrasive products which are also involved 


m Fig. A-—Thin section of vitrified abrasive product of 
medium grade of hardness — Magnified photograph taken 
with transmitted light 


to different degrees in various different abrasive operations. 

The Rockwell determination made with a %-in. diameter steel 
ball displaces only a very small volume on the surface of the abrasive 
stick being tested. It is therefore necessary to make a number of 
such determinations at different positions on the stick, and averag¢ 


them in order to get a reliable result for the average grade of the 
product. grain-depth would be tested, which is not considered adequate tor 


No. 500 and No. 60. For sizes coarser than No. 100, less than one 


two reasons — first, because surface variables on the article can extend 
easily to a depth of one or two grain diameters and, at such a depth, 
the test will not represent the interior characteristics of the article but 


For a Rockwell hardness reading of H30, the depth of impres 
sion is only 0.2 mm (0.008 in.). With the very fine grain sizes of 
abrasive products usually employed for Superfinishing sticks, this 
depth represents the test of a number of abrasive grain diameters 
With Norton grain size No. 500, for instance, this depth corresponds 
to 10 grain diameters, which is sufficient to give a test on a fairl 
representative, although minute, portion of the stick. 

However, if an attempt is made to extend the Rockwell test to a 


product of coarser grain size, difficulty is experienced because the 


merely the effect left by some surfacing operation or other surface 
condition; and second, because the high degree of variability from 


yne determination to the next when so few grains are tested, makes 
it necessary to take a considerable number of measurements in order 
to obtain even a fair average. 

The values in this table, together with the results of some experi 
ments that we have made, indicate that the Rockwell method can be 


depth of the penetration soon corresponds to only one or two grain z 
to grain sizes No. 320 and finer as recommended 


diameters, and this is hardly sufficient t 


applied satisfactori 
by N } , ‘ | ser g . ld 
by Mr. Hemingway, but extension to much coarser grain sizes woul 
be of questionable value because of the large influence of variable 


give a good value. Increas 
ing the diameter of the ball to, let us sa in., does not improve 


the situation much because, although by the use of the 150-kg high 


limit load of the machine, it would be possible to test a larger surfacc surface characteristics. 


area, the depth of such a penetration will be even less than with the Fig. B gives a plot of Norton grades versus Rockwell H hardness for 
Ye -in. diameter ball. Superfinishing sticks in grain sizes No. 400 and No. 500, Regular 

Mr. Hemingway has directed that in making the Rockwell pen Alundum, the products being of No. 11 structure. The Norton struc 
tration: “the weight lever should be raised immediately after it comes ture number represents the volume percentage of abrasive in th 
to a stop. .” We wish to emphasize the necessity for raising tl article or, in other words, the relative grain spacing. Higher structure 


} , ibers indicate wider grain spacing. No. 11 1s the standard spacing 
weight lever at once, since any vibration that may be present tend numbers indicat cer gral pac I i 


to make a continuous increase in the penetration depth and the result 





may be a considerably lower Rockwell hardness if the full load 


left on the specimen for any length of time at all. 

Attention should be called to the fact that the zero point on th Table A —- Relationship Between Abrasive Grain Size 
Rockwell scale is purely arbitrar There is no particular meaning to ’ ¥ 
the fact that a very soft abrasive product might have a Rockwell (Grit No.) and Grain-Depth of Rockwell Tests 
hardness of zero, or even of ro, except that a product of zero . 

r Pa ; Grit Average Particle Number of Particles 
hardness is 10 points softer than one of hardness + 10, and is 1 N Si 0.2 Depth* 
points harder than one of hardness I oe =o ae ae 

Figures and Tables — The following figures and tables will illustrat 500 0.02 10.0 
some of the points that have been presented: 320 0.04 5.0 

Fig. A is a photograph of a thin section of a vitrified abrasive 220 0.06 3.0 
product of medium grade of hardness. This 1s shown in transmitted 100 0.17 1.2 
light. The light areas are pore spaces between the abrasive grains. 80 0.27 0.7 
The dark areas consist of abrasive grains held together with vitrified 60 0.41 05 
bond. It is possible to distinguish between the grains and tl — onggee 

id. It is impossible to distinguish between the grains and th *This is the depth for Rockwell "H" — 30 


bond in the photograph. 


This is the type of sponge-like interlacing network of pores that 1s 
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m Fig. B—Norton grades versus Rockwell H hardness for Super- 


g. 
finishing sticks in grain sizes Nos. 400 and 500 Regular Alundum, 
No. || Structure 


used for vitrified Superfinishing sticks. Our data on which this tabk 
is based gave good correlation between Norton grade of these products 
and their Rockwell hardness. 

Fig. C is a repetition of Mr. Hemingway's Fig. 1 with the Norton 
grade data superimposed upon it. Our data are plotted merely 
the relationship between Norton grade and Rockwell hardness, and 
the reasonable assumption is made that the same general relationship 
exists to the grinding performance of Norton product as was found 
by Mr. Hemingway for Carborundum and Bay State products. 

In presenting the grade data for the products of all three 


for 


abrasive 


manufacturers, no definite lines of demarcation have been drawn 
between grades. This is because such lines imply the existence of 
grade tolerance limits at these particular points, and we do not fec 
that we are ready to commit ourselves to these definite limits at the 


present time. This subject will be discussed again later on. 

It would be our position that this curve can be used to best advan 
tage if it is considered to be a general guide or a point for starting 
work, rather than a final and inflexible conclusion. We consider 
probable that some grinding differences will exist between products 
of different abrasive manufacturers, and that the magnitude of thes« 
differences may be somewhat variable depending upon the nature ot 
the particular finishing operation, the operating conditions, the metal 
composition being surfaced, and so on. 

Table B shows the effect on Rockwell hardness of various 
ments applied to sticks. When sticks of soft grade are wet 
normal grinding lubricant such kerosene or Sunoco spirits 
International Compound, they give a harder Rockwell H_ reading. 
The effect is much less for sticks of somewhat harder grade. 
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with 
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When a vitrified stick that has not been treated in any wa put 
into use, its pores become filled with both grinding swarf and lubri 
cant. The effect of lubricant has just been indicated and, super- 
imposed upon this, is an effect due to the presence of swarf. No 
satistactory way of removing the swarft from the pores has been 
found, and consequently sticks are expected to grade harder after 
being used, even when tested after removal of grinding lubricant 

Filling the pores of sticks with a “treatment,” such as Norton No 
3 or Norton No. 6 treatment is seen to increas« me yer gre hard 
ness of the product very much. Such treated products will also have 
a harder grinding action, but this may not be exactly pro sr eae 
to the increase in Rockwell. It would be surprising if an untreated 
versus a treated stick, cach having the same Rockwell hardness, would 
actually perform exactly the same in use. 

It is a difficult problem to make abrasive products that are abso 
lutely uniform throughout, as will considered in the next section 


of this discussion. However, similar difficulties with non-uniformitie: 








are found in all sorts of materials, and even the standards of hardness 
supplied with the Rockwell machine are subject to considerable varia 
tion within themselves. 

For example, the brass standard supplied with one of our Rockwell 
machines is supposed to read a hardness between 6.5 and 10 on th 
Rockwell B scale. An important portion of this tolerance is due to 
variation in the brass itself as has been shown by some tests that we 
made on this piece for Rockwell “tH,” and also for Rockwell “I 
(the E operation is the result obtained by using 100-kg load with th 
¥g-in. diameter steel ball and reading on the “B” scale). A spot was 
found on this brass, quite by accident, which gave two readings for 
Rockwell H of 94 compared with a value of 90 for readings at othe: 

Table B - Effect on Rockwell Hardness, of Various 
Treatments Applied to Sticks 
Rockwell ''H 
Grain and Grade Treatment Applied Before After 
of Stick To Stick Treatment Treatment 
400 Gil Kerosene 21 31 
500 K12 Kerosene 83 85 
500 Gi| (Sunoco Spirits, 90 30 39 
400 Jil parts; International 70 72 
Compound No. 155, 
10 parts) 
500 Fil Norton No. 3 | 89 
400 III Norton No. 3 63 97 
500 Gil Norton No. 6 34 92 
400 Jil Norton No. 6 69 104 
places on the specimen. One Rockwell E reading was taken at this 
spot and gave 78 compared to readings of 63 at other places on the 
standard. These were quite definite variations in the brass itself, and 
not in the operation ol the machine. 

The “Grade” of Abrasive Products—In manufacturing a bonded 
abrasive product, the first operation is to select abrasive grains of the 
specified kind and size (the size designations for fine grits used b 
different abrasive manufacturers differ somewhat, but steps are being 
taken to secure greater standardization of size designation). A definit 


amount of this is mixed with 
and the whole is thoroughly 
for various lengths of time 

mixture 
ture 


a definite 
agitated 
In order 


amount of a powdered bond, 
together in 
to produce homogeneous a 
The desired product is molded from this mix 


various ways and 
as 
as possible. 


lI 


(again taking all possible care to obtain uniformity), dried, and 
finally heated or fired in a kiln to mature the bond. 
Careful supervision in making the product amounts to a control 


of its grade through manufacture. Various grading test methods 

used to examine the final product to determine whether or not it is 
“to grade.” Thes« may include examination of the homogeneity 
and other characteristics of its physical make-up, as well as various 


mechanical which measure 


tests 


tests its strength in tension as well as in 
compression. 
A perfect “‘to-grade”’ 


raw materials and is 


product onc that made of the 
homogeneous and uniform down to the 
size set by the abrasive grains and by the bond posts; it that 
has the right volume relationship between grains and bond; it is on 
that has the bond matured to the proper strength with proper adher 
ence to the abrasive grains. All the various tests made to check the 
grading of a product may be considered to be 
to tell whether these 
mercial tolerance. 

Obviously the 


1S 1S correct 


scale of 


is one 


examinations designed 


requirements are met within a satisfactory com 


primary requirement in setting tolerances for the 
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grade of an abrasive article is the tolerance requirement based upon 
satisfactory grinding action for the customer on his 


Honing, Superfinishing, 


operation, 

lapping, and other similar operations ré 
manufacturers aim to hold 
their products so as to be satisfactory for the customer’s operations. 
However, 


1 
quire close grade control, and abrasive 


unnecessarily close specifications with respect to a test such 


as Rockwell hardness might mean excessive manufacturing costs and 


rejections and, in such an event, too close specifications might have 
to show up eventually as an increased price for the product 

Summary —To sum up, the Rockwell method as proposed by M1 
appears to have value for checking the bonding strength 
of fine vitrified abrasive products of relatively soft grade 


Hemingway 


when care 
fully used within the limits pointed out in this discussion. 


Verifies Some of 
Author's Results 


—P. H. Walker 


The Carborundum Co. 


single method of hardne testing of abrasive 


ye to this date no 

pieces has shown a direct relation to grinding behavior under a 
wide range of uses and materials. Each new attack on the problem 
has assisted in covering a portion of the field of grinding. 

The information presented in Mr. Hemingway’s paper constitutes 
the disclosure of another tool of considerable value to be added to 
the existing instruments and methods. The main consideration at the 
present would appear to be a determination of the extent to which 
the findings therein disclosed can be applied to metal structures of 
varying grain types of the same or similar Rockwell readings. 

Extensive 





research has disclosed in the study of coarser grit bonded 
abrasives a large 


] 


number of cases where steels of similar chemica 
composition and Rockwell or Brinell hardnesses have varied in grind 
ability under precis 


similar conditions. Variations exceeding 5 


determined and 


in efhiciency have been quantitativel 


reproduced 
under cl 


Sag ee 
ADOTA ry 


control. 


Any empirical procedure which offers the possibility suggested in 
this paper should be given thoughtful consideration and merits fur 
ther exploration of the field 

This discussion is concerned chiefly with comments on the back 
ground behind the work, th 
pendently verified, and statements pointing out the limitations within 
which conclusions must be confined. 


various steps which have been inde 


The very sudden demand for considerable quantities of extremely 


fine grit abrasive stones and wheels for Superfinishing operations has 
presented a number of problems of materials, manufacturing tech 
niques, and testing of the finished product. 


The properties of abrasive 
pieces in soft grades in grit sizes (320 to 1000 mesh) where the grain 
size of the abrasive used approximates the size of some of the bonding 


constituents are obviously not directly predictable by the more usual 
means of testing bonded abrasive. 
| 


A brief review of the more ordi- 


nary physical determinations made on bonded abrasive pieces indi 


cates the lack of adaptability to finished stones of the sort here 


involved: 


tensile strength; crushing strength; cross-breaking strength: 
resistance to drilling with various steel tools; resistance to impact and 
drilling; tone determination struck; air-blast drilling with 
grain; drilling with hand tool; absorption and apparent 
density; and air permeability. 


when 
abrasive 


Any method or combination of thods to test the piece is subject 


to the following requirements: 


It must not damage or mar the piece tested. 
2. It must be rapid. 
3. It must cover a wide range of hardness. 


4. It must show relationships to at least certain established test 
data, such as other testing systems. 

5. It must respond to known differences in grain kind or compo 
sition, bond types, forming methods, and baking or firing procedures. 


6. It must be reproducible against master samples. 


The early work described in the author’s paper, using the diamond 
penetrator on the Rockwell Machine was not found to fulfill require 
ments Nos. 3, 4, 5, and 6 adequately. 

The later work by Mr. Hemingway using the steel ball and_ the 
“B” scale has been found to meet those requirements to a much better 
degree. 

The general test results described in the paper have been verified 
within the following range: 2 of 5 varieties of aluminous-oxide grain 
types tested; 3 bond types; 2 structure 
grades. 


types; the medium to soft 
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Exact checks have not been obtained in all grits 500 — 1000. 
The limits indicated 
structures or bond types. 


are not yet commercially available in all 


There are numerous types, both harder and softer, and in other 
bonds not yet fitted into the classifications indicated. 

No final comment is offered in this discussion on the relation of 
hardness numbers thus determined to the hardness of the steel being 
worked upon. 

Conclusions: 


1. The data presented suggest a good empirical means of classifi 
cation of fine stones within a limited range. 
2. The results to dat 


more data are assembled. 


suggest possibilities of future extension as 


3. The necessity for providing finishing machines with means for 
adjusting to commercially available limits of abrasive manufacture ts 
again emphasized, if the close relationship between Rockwell “H” 
numbers and metal hardness indicated by the chart holds true in 
general. 


4. Some further allowance than that suggested in the tests scems 


necessary to allow for the degree of finish before the Superfinishing 


operation to permit strict interpretation ol the curve. 


Additional Considerations 
in Grading Abrasives Listed 


—J. E. Kline 


Micromatic Hone Corp. 


’ 
N°! unlike other users of abrasives, the honing industry has long 

recognized the need for a reliable means for preselecting abrasives 
according to their uniformity in cutting characteristics. Our problem 
in this respect — due to the fact that we use a sizable plurality (usually 
six or more) abrasives to a set rather than one or two as is customary 
in Superfinishing operations— was probably more acute in the early 
stages of our experience when we were limited to specific hone oper 
ating speeds and subject to radical inconsistencies in work material 
compositions and deficiencies in the preceding machining operations. 

An opinion predicated upon these early experiences can only concur 
with the suggestion that a dependable method of grading bonded 
abrasives is desirable by abrasive users for the sake of efficiency, and 
by abrasive manufacturers for the prospect of enabling a better control 
of their product. 

During the past decade or more, several methods have been devised 
to accomplish this purpose, each of which has had definite promis« 
and equally definite limitations in its adaptation to practical use. 
Among these devices were included: impaction drilling; rotary drill- 
ing; scratching with diamonds; frequency resonators; fluid absorption; 
and vaporous permeation. 


More recently has been added to these a means for applying a 
miniature sand-blast test to the article to determine the resistance of 
the bond to the bombarding effect of the sand. Each of these methods 
afforded a means for comparing and matching abrasives so far as 
their particular test number or calibration was concerned, but rendered 
erratic results in the predetermination of the abrasive’s performance 
under specific operating conditions. It was found, however, that varia- 
tion in one or more of the factors comprising the “specific” operating 
conditions was capable of making like or unlike 
perform alike or unlike as desired. 


graded abrasives 


The primary elements which are present in all abrading operations 
are penetration and lateral motion. The former is subject to physical 
and the latter to mechanical limitations, and they both affect each 
other to a greater or less degree. For this reason, an accurak Rock 
well test requires that the test piece not be moved during the pene 
tration of the diamond into the surface tested. Keep’s test, on the 
other hand, requires that the penetrating diamond be moved laterally 
relative to the test surface during the penetration of the diamond into 
the surface tested. Neither of these tests is consistent unless the time 
required for the penetration or the lateral motion to occur is con- 
trolled. 

The penetrating ability of the diamond is very great, and it is pri 
marily for this reason that, when it is used as an abrading material, 
the grit size must be smaller or the operating speed higher than is 
the case when manufactured abrasives are used, if it is desired to 
obtain a surface finish of a given quality. 

In the case of manufactured abrasives, however, the penetrating 
qualities of grains of a given type are appreciably more inconsistent, 
due more to the irregularities in the strata-like formation of their 
crystals than to variations in “hardness.” The advantages of their use 
in commercial operations, without consideration of their seemingly 
unlimited bonding qualities as compared with diamonds, apparently 
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lies in their greater capability to fracture—thus making them “‘self- 
sharpening.” These abrasives come under two general classifications: 
silicon carbide and crystalline alumina. The former is commonly 
divided into two forms —dark gray and light green —both of which 
have approximately the same hardness (9.15 and 9.13 respectively) 
and are very limited in variation of their chemical compositions. 

Conversely, crystalline alumina (commonly called aluminum oxide), 
although not as hard nor as sharp as silicon carbide, may be widely 
varied in chemical composition and is very much tougher in structure. 
This being the type of abrasive about which this method of testing is 
centered, we shall confine our considerations to its characteristics and 
cutting qualities, bearing in mind, however, that much of this con 
sideration applies in common also to silicon-carbide abrasives. 

Crystalline alumina is composed mainly of alumina, silica, iron, 
titania, and soda. The sharpest type is white in color, probably due 
to its low iron content, and the duller but harder grain is of a darker, 
or buff color. The first, though not as hard (9.03 vs. 9.05), is readily 
friable, and therefore is readily responsive to changes in operating 
speed and pressure variations but, due to its ease of fracture and lack 
of toughness, does not glaze as readily as the latter. For this reason, 
it is not as adaptable to the burnishing, or final phase of the opera- 
tion unless: 1.the bond is harder; 2. the operating speed is greater; 
3. the viscosity of the lubricant is increased; or 4. the pressure is de- 
creased, as compared with what might be arbitrarily considered nor 
mal in these respects. 

The darker-grain aluminous oxide abrasive does not have as great 
a penetrating capability, and therefore requires one or more of the 
following: 1.a less friable, and more tenacious bond; 2. higher oper- 
ating pressures; 3. slower operating speeds; or 4. lower viscosity of 
lubricant. 

Thus, it can be found that the two types of abrasives will perform 
comparable operations on comparable materials with comparable efh- 
ciency and comparable results. 

We apparently have digressed from the subject thus far because we 
have not discussed bonds and their “hardnesses.’”’ We believe we 
have shown, however, that “hardness” is merely one of the necessary 
considerations. The types and percentages of the bonding clays used 
in the fabrication of bonded vitreous abrasive articles are generally 
considered the determinants of their “hardnesses.”” Some of these 
clays are considered extremely tough and others are extremely friable. 
It is not inconceivable that a “tough” bond may be made “friable” 
or a “friable” bond “tough” during the kilning operation on the 
product. The combination of a tough bond with a friable grit is very 
unlike in action to that of a friable bond and a tough grit. The first 
stated combination may act “hard” at high operating speeds and low 
operating pressures while the latter may act “soft” under these con- 
ditions. Thus, a reversal of operating conditions could conceivably 
reverse the operating characteristics of the abrasive. 

Upon the basis of the foregoing and our conviction that the cause 
of abrasive grain and bond inconsistencies could be attributed mor« 
to the vagaries of metamorphism than to faulty chemical composition, 
we provide means in honing equipment to compensate for them. 
Thus, through separate adjustments in rotary and reciprocating speeds 
and pressures, we succeed in adapting reasonable variations in abrasive 
characteristics to accomplish a given purpose. 

It is true, of course, that, in order to remove economically sufh- 
cient stock from a surface to correct for imaccuracies of the previous 
operation, higher operating pressures are required to enable penetra- 
tion and fracture of the dulling grain into the work surface as the 
condition of the latter becomes affinitive to that of the abrasive. It 
this pressure is not increased, stock removal will cease automatically 
when this affinity is reached and continued operation serves to bur- 
nish the work surface and polish the facets of the abrasive grains. 

We sincerely hope that this suggested method of testing cutting 
characteristics of bonded abrasives surmounts the obstacles encoun 
tered by methods heretofore attempted and serves to light the way 
to ceramic engineers in their endeavors to overcome the factors overt 
which they have had but limited control thus far. We are disinclined, 
however, to presuppose that uniform cutting characteristics of bonded 
abrasives will develop in that order. 

It cannot be presumed that abrasive manufacturers are producing 
abrasives of as consistent character as would like. Similarly, the 
users of micro-honing (and possibly Superfinishing) operations ex- 
perience unavoidable inconsistencies in their materials, heat-treatment, 
and degree of preliminary surface finish. 


we 


These, therefore, must be 
compensated for in the operating characteristics of the hone or the 
Superfinishing tool. 

We therefore draw the conclusions that the 
abrasives, to determine their cutting 
into account: 


bonded 
must take 


calibration of 


relative efficiencies 


1. The size and type of grain, the kind and structure of bond, and 
the method of manufacture; 

2. The metallurgical characteristics and surface condition of 
workpiece; 


the 
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3. The magnitude of and relation between the operating speed 
and pressures, and the type of lubricant used. 
A variation of any factor in one of these groups imposes th 


for a compensating regulation of one or more of th 


need 
other factors 


Author Answers 
Three Discussers 
~E. L. Hemingway 


Foster Machine Co. 


T is thoroughly appreciated by the writer that, as Dr. Milligan 
relates in the latter part of his discussion, the manufacture of 
bonded abrasives is one of the most difficult of all industrial prob 
lems. The question of grading these abrasives to a closer degre 


therefore has been approached at the Foster plant, not with a feeling 
of criticism, but in the hope that something might be worked out to 
the mutual advantage of the abrasive manutacturers and the users 
That this object is being accomplished is proved by the greatly im 
proved grading of stones now being received as compared with only 
a few months ago. 

There are several items in this discussion that writer would 
like to offer comment upon. These will be taken up in the order 
which they appear in the discussion. 

Dr. Milligan’s observation that the Rockwell machine 
available, and that the test is a quick and easy one to 
user of abrasive products not only 


the 


in 


is generally 
apply by thx 
states some important facts, but 
indicates a sincere faith in the quality of Norton products. 

No attempt should be made to correlate the cutting capacities of 
vitrified-bonded and organic-bonded abrasives by comparison of their 
Rockwell hardnesses. Two stones of different bond, but of the sam 
Rockwell hardness, if this be possible with the same load and pene- 
trator, would surely have different cutting characteristics. The hard 
nesses of abrasives of the same bond and grit only can be compared 
directly. It is believed that the cutting capacities of stones of the same 
organic bond can be predicted by the Rockwell test under ordinary 
conditions. However, if in grinding, these stones be crowded until 
considerable heat is produced in the bond, it seems likely that no test 
would be reliable. The same would be true 
reacts with the bond to soften it. 

There should be no doubt that both tensile and compressive tests 
are necessary in order to predict the performance of 
in use. However, tor a given bond it 
both will vary in approximately amount, 
amenable to a compression test. 


if the coolant employed 


bodies 
that 


pe 


abrasive 

material, would 
like and therefore 
It has been proved that the abra- 


appear 


sive structure is disturbed in the Rockwell test, through a far 
greater volume than that of the actual steel-ball impression. This 
volume appears to be proportional to the strength of the structure. 


that somewhat larger grits can be tested 
than would seem possible if only the actual impression of the ball 
considered. Probably due to the large there have 
been no indications that filling of the pores has interfered with the 


accuracy of the test though this condition was originally anticipated 


It also should be reasonable 
be 


volume affected, 


It is true that many stones, especially those comparatively soft, must 
be tested in several places to get an average. Many tests made und 
production conditions have shown that this condition is not a fault 
of the Rockwell method, but represents an actual variation in the 
stone itself. 

It is also true that all points on the Rockwell scale are purel 
arbitrary. However, to one performing Superfinishing operations 
(and probably grinding operations) with experience in Rockwell 
testing, the fact that one abrasive tests 10 points higher than another 
does have a very definite meaning. These abrasives will have dif 
ferent cutting capacities that can be predicted from the hardness 
number, as a constantly growing number of companies using such 
abrasives can testify. 

Dr. Milligan’s position that the curve shown on the graph should 
be considered as a general guide or a point for starting work, rather 
than a final and inflexible conclusion, is one that we are inclined to 
agree with. Much remains to be learned about the choice of abra 
sives for Supertinishing as well as grinding. The curve represent 
our knowledge to date only. 

Stones filled with treatments such as Norton Nos. 3 or 6 hardly 
can be considered to be of the original bond. Such treatments hav 
not been found entirely satisfactory for Superfinishing purposes. 

The statement made in Dr. Milligan’s summary is considered by 
the writer to be very fair. It is only natural that users of a new test 
will endeavor to employ it in a wider field than it was intended to 
cover. Such a condition would cause considerable unjustified annovy- 
ance and expense to the abrasive companies. It is not recommended 
that the use of the %-in. steel ball be applied to the testing of 
coarser grits than 320. It is further advised that direct comparisons 


in hardness be made only upon the same kind of bond and 
The user of this test must | 


grit. 


yecom lation 


acquainted with th 
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between cutting capacity and Rockwell hardn number tor each 
type of bond. It 1s believed that, once this relationshy 
established, the Rockwell test will prove to be of ver 


in the use otf such abrasiv 


ha been 


material aid 


R. WALKER has brought out the fact that steels of similar 
chemical composition and hardness 


grindabilit 


will be found t 
Similar discrepancies are found at times in the 
means of the graph, though not very often. 
[he writer believes that grain size, and ductility have their effect on 
the proper choice ot abrasives for Superfinishing. A  coarse-grain 


sized steel seems to offer 


sometmes 
vary 1n 


selection of stones b 


ss difhculty than a fine-grained one. Per 


haps further study of the relationship between unusual metallurgical 


conditions and the abrasives found to produce the best results, will 


clarify some of these matters 

When considering the possibilities of designing production Super- 
finishing machines with sufficiently variable conditions to accommo 
date wide grading of abrasives, some differences between Superfinish 


ing and other surface-producing operations must be noted. Such 
equipment is greatly restricted as to pressure and speed as compared 
with honing, for instance. It should be obvious, then, that a 
graded abrasive must be used. Further, the inclusion of the added 


Cciosel 


mechanism necessary would often entail far more expense than an 


1d 


added cost du to increased cost of more closel 


Ly graded stones. It 
appears that a sufficient number of lots of stones must be made that 
a stock is built up covering the range of hardnesses useful in Super- 
finishing, even though their cost be somewhat increased. 

Another point of importance that has been mentioned by Mr 
Walker is that of the effect of variation surface quality prior to 
the Superfinishing operation. Such variation does have its influence 


on the selection of bond hardness, especially where a definite time 
cycle is involved. It is only logical that it is necessary to employ 


slightly different hardness in producing a 3 micro-in. surface from 
micro-in. 


when. the 


one of 30 micro-in., and one of 1 This condition is oft- 


tumes further complicated necessity for maintaining a 


very close size tolerance exists. In this case, close attention must 
be exercised to hold a very uniform grind, and grading of bond 
hardne of stones 

It is a pleasure to acknowledge the spirit of interest and coopera 


tion shown by Mr. Walker, not only in his study of the writer’s 


paper, but in the furnishing of materials used in the work necessary 
to its preparation. 


R. KLINE’S discussion of the various kinds of bonds and grits 
and certainly is most interesting. It is possible 
that the future will render the 


seems instructive, 

theoretical complexity of these abra 
sive conditions further confusing, by the 
materials. Fortunate] 


addition of still more such 
y, however, fewer of these combinations of grits 
and vitrified bonds are commercially important, than might be sup 
posed from his description. Vitrified Superfinishing stones of the 
same grit size and Rockwell hardness will produce fairly comparable 
results when secured from any of the important sources, unless a 
special abrasive 1s especially ordered 

The writer is well aware of the effects of different surface footages, 
pressures, lubricant viscosities, and so on, on the cutting character 
istics of bonded abrasives. More can be accomplished in honing, along 
these lines, than in Superfinishing, because a more precise metallurgi- 
cal condition of the surface and the immediately underlying metal is 
the Superfinishing objective. Consequently the ranges of speeds and 
pressures employed in honing can be, and usually are, far wider than 
those used in Superfinishing, and the requirements in bond grading 
are accordingly not as close. Nevertheless, considerable trouble is 
experienced with both honing and Superfinishing abrasives. The 
makers of stones, and of mechanisms for their application are put to 
considerable expense for service in the customer’s plants. The users 
‘f these stones and machines suffer from expense due to scrap parts, 
ost time and abrasives, because of the use of mis-graded stones. It 
would seem that everyone concerned would save 
abrasives were more closely graded. 


( 
} 
money if these 


Mr. Kline can hardly be criticized for pointing out the special 
advantages of his own products, or of their proficiency in meeting 
variable conditions. However, it should be obvious that the object of 
the writer’s paper was primarily, not the discussion of the effects of 
speeds, pressures, and so on, but to point out a means of predicting 
which of two or more stones of the same type has the greater rate 
of bond break down, or cutting capacity, and how much. Also, to 
provide the best available information as to the selection of the proper 
hardness of abrasive to be used in the Superfinishing of each hard 
ness of steel. That the Foster-Rockwell test does check the cutting 
characteristics of the bonded abrasives described more accurately than 
any other that has been in commercial use, has been amply proved, 
not only at the Foster plant, but at many others. 

The writer recognizes the fact that the production “of abrasives of 
as consistent character as we would like” presents a problem as yet 
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incompletely solved. To assume, as M1 
] r 


Kline seems to do, that thi 
be forever a necessal evil, does not appeal to th 


condition wil 


writer. Progress 1s not made that way. Indeed, the tact that im 


provement can be made has been very well proved by a considerabl 


increase in the accuracy in grading of Superfinishing stones by t 


manutacturer, since the development of the Foster-Rockwell test 





The Traffic Congestion Problem 


HE automotive transportation system, as we know it 

today, is becoming beset with a danger which chal 
lenges our critical consideration. 

The other day a motorist made a trip from the center 
of one city to the center of an adjacent city 20 miles away. 
The 20-mile trip which could be accomplished in 20 min, 
had taken him an hour, and that hour was filled with 
discouragement, inconvenience, and constant hazard. 

You may already apprehend that this story is common 
experience. What our typical motorist had purchased, in 
addition to his gasoline, was a tankful of trafic tangles and 


congestion. The vehicle capable of operating safely at 60 
mph or better, had been forced to operate at a speed of 
20 mph. 

If the motorist 
would not buy vehicles or fuel that deliver such low-grade 
performance, why should he continue to tolerate traffic 
conditions which destroy these assets? 


Here we have the crux of the problem. 


There is some- 
thing wrong with our automotive transportation formula. 
It is unbalanced and, until it is brought into balance again, 
we shall never have reasonable efficiency in street and 
highway use. 

Comprehensive national studies indicate that the average 
everall speed of automobiles in American cities is about 
174 mph. In the more congested areas where the largest 
numbers of motorists are affected, congestion reduces 
speeds to as low as 5 or 6 mph, or scarcely more than that 
achieved by a horse-drawn conveyance. Urban conges 
tion is the most important aspect of the problem, because 
of the large numbers affected, but it is by no means the 
complete picture. Upon many trunk highways in the 
eastern portion of the United States it is difficult to achieve 
overall speeds of as much as 35 mph, and these can be 
attained only at a very substantial hazard, as is indicated by 
the accident records. In some studies it has been found 
that commercial vehicles spend more than 50% of their 
time standing idle in trafhc jams. The load of economic 
losses accruing through congestion has been estimated at 
as much as $2.000,000,000 per year. 

In 1939, motorists contributed in gasoline taxes to the 
State and Federal Governments the estimated sum of 
$1,066,000,000. These taxes are quite adequate if used 
efficiently to build all of the new traffic facilities required. 

The epidemic of diversion of gasoline taxes for such 
purposes as education, relief, pensions, the construction of 
sea walls, the propagation of oysters, is bound in the end 
to curtail seriously the effective utilization of the automo- 
bile by the motorist. This diversion problem is a challenge 
to fight to preserve our gasoline tax income for the im- 
provement of our highway system. Otherwise this vital 
industry and the many business activities which are de- 
pendent upon its existence run the risk of being throttled 
by the growing congestion in street and highway traffic. 

Excerpts from the paper: “ Automotive Transportation,” 
by Alexander Fraser, Shell Oil Co., Inc., presented at the 
Metropolitan Section Meeting of the Society, New York, 
March 21, 1940. 








PASSENGER COMFORT 


HERE varicus means of commercial transportation 

are available, the factors that generally determine the 
passenger's choice are convenience, cost, comfort, and 
speed. The highway, the railway, and the airway are the 
main competitive routes, and no one of them as yet controls 
all of the previously mentioned factors. The development 
of any means of transportation incorporating as many of 
these factors as possible places it in the most advantageous 
position with respect to competition. 

Comfort is probably the one factor that can be controlled 
mostly by the individual operator. It is the purpose ot 
this paper to discuss in general these problems percaining 
to passenger comfort that confront the airline engineer. 

One of the first planes designed specifically to carry 
passengers as well as mail made its initial trip July 1, 1927. 
(See Fig. 1.) It was a two-passenger airplane designed and 
built by the Boeing Airplane Co. and known as Model 
40-B-2. It was a single-motor biplane in which the pas- 
sengers sat between two cargo compartments. The only 
windows were in the doors themselves leading to the pas- 
senger section and they gave an excellent view of wings, 
struts and brace wires. Soundproofing was mostly in the 
form of cotton in the passenger’s ears. The furnishings 
were not too luxurious. Heating, or what there was of it, 
was furnished by the means of a small exhaust heater and 
was controlled by the passenger. What the heating system 
lacked was made up for by the use of blankets. The buffet 
equipment comprised essentially a box lunch, one thermos 
bottle of hot coffee, and a selection of paper cups. Vibra- 
tion was very evident. This was passenger comfort in 1927 
en route from Chicago to San Francisco. In those days the 
passengers went along with the pilot, that is to say, the 
trip was flown without much regard for the passenger, the 
main interest being to get there. Nowadays, the trip is 
flown for the passenger, with safety and comfort being of 
first importance. Fig. 2 shows a modern airliner, and it is 
an interesting comparison with that of 1927. 

Normally the average person is not concerned with 
engine problems or airplane design except as they might, 
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in some way, affect his or her sense of well-being. It the 
engines are operating, the propellers are turning over, and 
the plane is in a normal attitude, the passenger feels easy 
with respect to the mechanical equipment. When he can 
relax in comfort and literally feel “perfectly at home,” his 
journey then becomes a pleasant one, no matter what his 
mission. 

Those factors which contribute to passenger comtort as 
a whole may be classified under two definite headings, that 
is, directly contributing factors and indirectly contributing 
factors. The following factors may be classified as directly 
contributing: 


1. Space accommodations. 


tv 


Interior design. 
3. Noise prevention. 
4. Heating and ventilating. 
5. Lighting. 
6. Catering. 
Under the indirectly heading come: 
1. Oxygen equipment. 
2. Lavatory facilities. 
3. Sanitation and fumigation. 
4. Airplane operation. 
5. Vibration (unless extreme and then it is classified 
under directly contributing ). 


ms Space Accommodations 

Space in an airplane is normally at a premium. Yet, it 
is well understood that travelers who generally are perfect 
strangers need considerable space when placed in contact 
with one another for any period of time. As the number 
of passengers increases, there necessarily must be more than 
a proportional increase in available space. 


Fig. 3 shows a comparison of the space accommodations 








= Fig. | —The Boeing 40-B-2 was one of the first planes operated for passengers as well as for mail 
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in Commercial Aviation 


a Fig. 2 -— Typical 
modern airliner 
now in scheduled ints 
operation—the 77 

Douglas DC-3 


11 Various means of transportation. 


It is interesting to note 
that the railway still leads in providing the most desirable 


amount of space. It is the opinion of the author that the 
curve shown tor the passenger transport plane necessarily 
must take a greater slope in the future if this problem of 
The 


curve referring to public buildings is placed on this chart 


space accommodations is to be answered properly. 
purely as a means of comparison. Although it is shown 
that the curve is considerably below that of either the air 
way or railway, it must be remembered that average public 
buildings have ceiling heights well above those attainable 
in transportation equipment and this condition definitely 
aids in counteracting the crowded effect. Aircraft equip 
ment as used at the present time in regular service may 
well be set as a minimum. This means that new and larger 
equipment must be designed with more attention given to 
space accommodations. The use of lounges and compart 
ments will help, but the size of airplane cabins limits the 
extent to which they may be used. 


w Interior Design 


Interior design of the airplane cabin is perhaps the one 
factor that results in the greatest response from passengers. 
It is at least the one that most of us feel free to judge 
and criticize, perhaps because there are no rules or for 
mulas by which we may be checked. 

Experience has shown that, in designing, the simplest 
manner of obtaining a desired effect is generally the most 
desirable, from both the esthetic and service standpoints. 
The latter factor undoubtedly has been given preference 
heretofore, but it is evident that, if passenger traffic is to 
become a greater source of revenue, a proper balance be 
tween the two must be maintained. 

Seating arrangements and seat design itself are very 
important to the passenger in any mode of transportation. 


{This paper was presented at the National Aer 


onautic Meeting of the 
Society, Washington, D. C March 14, 1940.] 
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This statement is understood readily when it is realized 
that the majority of one’s time on any particular trip is 
spent in the seat. The seat must be designed to approach 
a lounge chair as closely as possible, but also must be 
capable of being adjusted to almost any desired reclining 
position. Proper adjustment of chairs always has been a 
problem, and a very simple type of adjustment proves to 
be best for passenger and stewardess, as well as from the 
standpoint of maintenance. 


The matter of materials used in the cabin interiors also 





| ee paper presents a general picture of all the 
factors that contribute either directly or indirectly 
to passenger comfort while en route in a regular com- 
mercial airliner. It also shows a comparison of the 
factors that determine the passenger's choice as to 
type or mode of transportation. Comparison is made 
of passenger comforts ten years ago and today. Of 
the twelve factors considered as contributing to pas- 
senger comfort, six of these are classed as being di- 
rectly contributing — namely space accommodations, 
interior design, noise prevention, heating and ven- 
tilating, lighting, and catering. Five are classed as 
indirectly contributing — namely, oxygen equipment, 
lavatory facilities, sanitation and fumigation, air- 
plane operation, and vibration. The airline engi- 
neer's problem with respect to personnel instruction 
is analyzed. 


Covered specifically are those problems which are 
of concern to the airline engineer, and the constant 
study, development, and continuous improvement 
being made in equipment are brought out. The need 
for adequate contact with the manufacturers in 
order that they may gain from the operator's expe- 
rience is stressed. 











has been a large problem for the operator. With the many 
new fabrics, plastics, and such, now available, a much 
greater variety of material for decorative schemes is at the 
command of the designer. When fabrics are used, they 
must be durable and show no signs of wear within a rea 
sonable period of service. They must not fade when ex 
posed to sunlight or at time of cleaning. The character of 
the cloth itself must carry with it a sort of modified dignity, 
that is, it cannot be so coarse as to be termed almost rustic 
or cannot be so fine as to give the feeling of daintiness. 
Carpets are essential as a part of the design from the stand- 
point of both comfort and possible help in sound-proofing. 
The great trouble has been to find carpeting that is light 
in weight and yet gives a feeling of luxury under the teet. 
Several developments, such as rubber-backed carpets and 
thin carpets with foam-rubber padding appear to offer pos- 
sibilities for improvement. Several such combinations are 
being tested at the present time. 

The question of whether metals should be used in their 
natural state or painted always has been an unanswered 
one. If the metal is dull-finished or similarly treated to 
begin with, it gradually will become polished through use 
and cleaning, and then the problem of glare enters. 

Painting, of course, adds weight. When painted, any 
blow or slight dent will remove the paint at the point of 
impact, and it always has been an open question in the 
author’s mind which is the worse, the chipped paint or the 
patched-up spot. Dark colors (and also white) lend them- 
selves much more readily to patching, but an airplane 
interior using all dark colors would not be pleasant. 

Plastics, in view of the rapid strides made in this field, 
are becoming more and more usable. At the present they 
are used mostly in food service equipment. However, with 
increasing adaptability of the materials, it is believed that 
they will lend themselves equally well to utilitarian as well 
as to ornamental use in interior design. 
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= Fig. 3 — Comparison of space accommodations for various modes 
of transportation 
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Regarding the question of colors and the theory applied 
in their selection, | believe’ that one color expert gave a 
good answer. He stated that no exact theory can be ap 
plied. There are, of course, definite color relationships with 
respect to harmony and contrast but, as to color scheme, 
there is no method yet known for determining which is 
the right one. The use of one basic color and varying 
tones of it with one or perhaps two touches of a contrasting 
color appear to be the most satisfactory. The use of neutral 
tones is recommended for large surfaces. Some colors in 
the spectrum have a tendency to react on individuals over 
a period of time and, in some cases, have been known to 
cause nausea and, quite naturally, these colors must be 
avoided. 

Esthetic values are not the only basis for selecting the 
proper color. Consideration must be given to color fast 
ness and freedom from soiling. 


mw Noise Prevention 


As previously mentioned, the only satisfactory sound 
proofing used in the first planes for passenger transport 
was cotton in the passenger’s ears. Nowadays, as was well 
pointed out by A. London of the National Bureau of 
Standards in his soundproofing study, it is necessary for 
the stewardess to caution passengers on sleeper planes to 
speak quietly in order not to disturb those asleep. 

It is generally accepted that best results in noise reduc 
tion are obtained when the source of the noise itself is elimi 
nated or reduced greatly in intensity. Several investigations 
have shown that reduction of noise levels in the order of 
20 to 30 db can be obtained by more efficient design of 
equipment. Some of the important factors which must be 
considered at time of design are the propeller and its rela 
tion to the fuselage, propeller speed, the engine exhaust, 
and proper mounting of the engine to reduce vibration 
transmission to the cabin. 

The ventilating system is one of the biggest offenders 
in this noise problem due often to improper filtering and 
duct design. It has been necessary in several instances to 
redesign this equipment, particularly the small individual 
ventilators. 

Constant attention is required to prevent any looseness of 
equipment which may vibrate and become very annoying. 
Ash trays, chair-adjusting mechanisms, individual venti 
lators, and buffet equipment are among the worst con 
tributors and must be inspected continually. Improvement 
in the original design will do much to alleviate this con 
dition. 

It is, of course, impractical to eliminate all noise at its 
source; therefore, some means of soundproofing the cabin 
is essential. The material used (present practice generally 
has been padding in the form of blankets) must be capable 
of absorbing the sound that is within the cabin, of reducing 
the transmission of sound from the outside, and must have 
good qualities with respect to heat insulation. Further, it 
must not absorb moisture. The question of weight also 
becomes a vital factor when it is realized, on the basis of 
one operator’s study, that the value of 1 lb of added weight 
per airplane per year is something over $20. The weight 
of the present soundproofing on the Douglas DC-3 air 
planes is in the neighborhood of 200 lb. Although this 1s 
slightly less than 1% of the gross weight, it is felt 
that the entire problem is serious enough to warrant con- 
siderable study and development toward a better sound and 
heat insulation for less weight. 
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Fig. 4 shows a comparison of interior noise levels of 
various modes of transportation. The values shown cannot 
be used as a measured comparison inasmuch as the data 
for each unit were not taken under identical conditions or 
with the same noise meter. However, the curves do serve 
as a general means of comparison. 


a Heating and Ventilating 


There is probably no other condition in flight that is 
more aggravating to the passenger than what we in the 
industry refer to as a “cold trip.” These cases are definitely 
the exception. However, it is one of the tasks of airline 
engineers to analyze such difficulties and recommend revi 
sions to reduce the probability of recurrences. 

Before the discussion of the heating system can be made 
properly, we must know something of the ventilating prob 
lem. The present ventilation rate for a DC-3 airplane cabin 
is approximately 1 complete air change per min. Though 
this may appear to be high as compared to normal air 
conditioning standards, it is advisable in this application 
for several reasons. A large number of changes of moder 
ately heated air permit far better cabin temperature distri 
bution. Tests have shown that, throughout the cabin, tem 


peratures do not vary more than + 3 F with these high 
changes. If the air is changed only once every 2 min, tem- 
peratures may vary as much as + 1o F, Another reason 


for using the high ventilation rate is to eliminate infiltration 
of cold air from the outside through leaks, doors, and 
fuselage. With 1 complete air change per min, it is nor 
mally possible to maintain pressure in the cabin of approxi 
mately 1 in. of water higher than that existing outside the 
airplane. One change per min permits a rapid removal of 
tobacco smoke and any odors, which is a very desirable 
factor and helps to some extent in reducing cases of nausea. 

Although high rates of air change may not be absolutely 
necessary for every type of airplane, it is believed that 1 
change per min could be established reasonably as a mini 
mum for unsupercharged cabins. This rate, in terms of 
individual passengers, is about 40 cfm. 

With such a high ventilation rate it is evident that the 
heating system must be of large capacity. Numerous tests 
have shown that 150,000 Btu per hr are required to heat a 
Douglas DC-3 airplane with 1 change of air per min at 
8oo0o ft altitude and an outside air temperature of o F. 

The steam heating system used in this airplane requires 
considerable attention, both in operation and maintenance. 
Pressure regulators, relief valves, and operating .valves need 
constant adjusting and setting and, in some cases, complete 
redesign. Boilers are ever a source of trouble and must be 
replaced frequently. The feed water enters the boiler at 
the bottom and flashes into steam almost immediately. Such 
a boiler is known as a flash type. This action is a water 
quench and is one of the severest treatments that can be 
given to any metal. The severity of this operation 1s 
understood more readily when it is realized that the tem 
perature of the boiler itself is approximately 1400 F and 
the temperature of the feed water is 200 F or below. When 
the pressure above the boiler is reduced by the steam con 
densing in the radiator, the regulator opens, allowing more 
water to drop into the boiler and, while the system is then 
attempting to balance itself, there is a definite surging of 
water in the system. This surging increases the severity of 
the water quench. The boiler metal also is stressed severely 
due to extreme expansion and contraction each time the 
engine is run, and this condition must be taken into ac- 
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count in the design. Vibration of the engine also has a 
definite bearing on the type of design that can be used in 
boilers, and it has been the main reason tor eliminating 
several designs that otherwise have proved satistactory. 
Many designs have been tried and tests made of materials 
in an attempt to find a satisfactory solution. Several of the 
larger operators have been successful in greatly improving 
past performance. 

Hot-air systems are those using a shroud over the exhaust 
stack. This is one of the simplest forms of heating systems 
and normally requires very little maintenance. A tew years 
ago some concern was expressed over the possibility of 
carbon monoxide escaping through the shroud and into the 
cabin, and so the steam system or liquid system appeared 
to be the answer. 

With the proper design of a hot-air exhaust manifold 
and the possible incorporation of one of the smaller type 
CO indicators, it is very probable that a hot-air system over 
coming the disadvantages of a steam or liquid system can 
be used satisfactorily for commercial air transport use. 
Supercharged cabins offer additional problems, but it is 
felt that, in view of the advantages gained, serious con 
sideration should be given to the possible adoption of a 
hot-air system. 

It is believed that, as a whole, the weight of a hot-air 
system as compared with a steam system of comparable 
output may be less. 


Several types of liquid systems have been designed using 
ethylene glycol or some similar liquid. The design nor- 
mally uses a heater in the exhaust stack, the heated liquid 
from which passes through a radiator of standard design in 
the air duct. A controller or circulating pump must be 
incorporated to control the flow of the liquid to the stack 
heater. This system also involves a problem of weight as 
well as requiring additional maintenance. It is doubtful if 
sufficient heat in extreme flight temperature could be main- 
tained unless a relatively large amount of solution was 
circulated rapidly. 

Automatic temperature control for any aircraft heating 
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system is definitely a much desired and needed feature. 
This feature eliminates the necessity for the stewardesses 
to control the heat in the cabin manually and permits them 
to perform their other duties more efficiently. Automatic 
control also maintains an even temperature in the cabin 
which is practically impossible by manual control unless the 
equipment is adjusted very frequently.” This condition is 
due in part to the fact that flight operation on many trips 
requires passing through temperature extremes which call 
for constant adjusting of the heat supply to the cabin. The 
stewardesses are active in the performance of their other 
duties and do not notice the changes in cabin temperatures 
as much as do passengers who are relatively inactive. A 
further point is that the female sex is normally not in- 
clined to be mechanically minded and, consequently, the 
stewardesses do not understand exactly what they do when 
they adjust a control. When it is not entirely understood 
it, of course, cannot be regulated properly. 

In this discussion on heating and ventilating, some men- 
tion should be made about humidity. Several times the 
question has been raised as to how dry the air is at altitude, 
and an investigation was made in this regard. Data ob- 
tained from Government weather statistics evidenced that, 
on the average, relative humidity between 5000 and 15,000 
ft altitude varies from 40% to 64%. Readings taken with 
a sling psychrometer on several tests in various seasons of 
the year closely agree with the foregoing data. The humid- 
ity in the cabin is generally about 5 to 6% lower than that 
of the outside air and, when flying in saturated air, it may 
be even lower. It can be seen readily then that, for normal 
operation, with the exception of possible extreme condi- 
tions, relative humidity in the cabin is within the 40% to 
50% limit as established by air-conditioning standards. 
Calculations indicate that, for a 10% change in humidity, 
it will be necessary to carry 35 lb of water for a 4-hr trip 
with standard outside air conditions at 10,000 ft. It is 
obvious that the weight of the water required plus the 
weight of suitable equipment for diffusing it in the cabin 
air make such an installation impractical for the few times 
it would be needed. 

The individual cool air ventilator is still a necessity. It 
permits the flow of cool air on the passenger’s face if for 
one reason or another he or she does not feel well. 
been difficult to obtain a satisfactory type of individual 
ventilator, but experience has shown that the following is 
definitely desired: 

(a) The regulation of the pressure within the duct or 
ventilator should be such that the flow of air to the pas- 
senger will be approximately the same when one or all of 
the individual ventilators are open. 

(b) The design of the individual ventilator as well as 
the duct should be such that the noise level is kept well 
below that of the cabin. 

(c) The adjustment of the ventilator should be so re- 
stricted that the flow of air can be directed only to the 
individual passenger using it and not on the face of the 
passenger behind or down the neck of the passenger ahead. 


w Lighting 


Lighting in airplanes both at day and night has been 
improved vastly over that in earlier equipment. However, 
it must be admitted that the lighting is still not all that is 
desired. 

The window-glass area is only sufficient to admit the 

_ minimum amount of light required so that the weight will 
not be increased unduly. A considerable portion of the 
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light in the upper part of the cabin depends on reflection. 
Not much can be expected in the way of reflected light 
with darker colors at the bottom of the airplane which are 
employed both from a standpoint of maintenance as well 
as esthetic value. A means of overhead or sky lighting 
using translucent plastics or some such material would 
permit of better lighting throughout the cabin and, in all 
probability, the windows could be made somewhat smaller 
and more direct for individual Such a means of 
lighting may be incorporated in future air transports. 
Glare, caused by sunlight reflected on wings or cloud 
tops and thence into the passenger's eyes, is very objec 
tionable. A good deal of study has been made toward the 
use of improved blinds and non-glare materials. Painting 
of the upper surface of the wings with a suitable paint 
would help this condition. However, with painting, as one 


use. 


study disclosed, an increase in weight in the neighborhood 
ot 50 lb can be expected for one of the present-type trans 
ports. 

Small shields of polarizing material which are portable 
and can be mounted on the windows when desired, also 
have been tried. These shields, however, have become 
quite a problem in maintenance, and it is interesting to 
note that passengers have stated that they do not like to 
look through such a shield for any length of time. 

A shade similar to a Venetian blind or Tinotine shade 
is being developed which may reduce this glare problem to 
a minimum, if not eliminate it entirely. This construction 
is of such a nature that it permits almost 100% transmis 
sion of light for general cabin use, but will eliminate the 
glare effect from the wings. 

At night much the same problem exists as in the day 
that is, the matter of getting the available light in the right 
places and eliminating glare. With overhead lighting, or 
what is sometimes called dome lighting, both glare and 
bright spots can be reduced materially and probably elimi 
nated altogether by indirect or alcove lights. The lights, 
themselves, are placed behind suitable shields and the cabin 
light is dependent upon reflection from the upper cabin 
surfaces. This, of course, requires the use of light colors in 
the ceiling fabrics and materials, but color experts agree 
that this arrangement is desirable. 

Reading lights, although small in actual size, are a prob 
lem. The light must be capable of being directed on the 
passenger's reading material whether he is in upright or 
reclined position. Neither the reflector nor bulb should 
cause glare either to the passenger using the light or those 
about him. Otherwise, it may disturb someone near him 
who may wish to sleep. 


a Catering 


Catering, or the supplying of food to passengers, is a 
large as well as interesting problem. The catering depart- 
ment iself must be responsible for the manner in which 
the food is cooked and the manner in which it is served. 
The medical department must work with the catering sec 
tion in order to see that only those foods commensurate 
with good health are used, and the engineering and design 
departments must develop proper equipment for carrying 
and serving this food. 

It is impractical to prepare all food on board because 
equipment to do this would add considerable weight to 
the airplane. Accordingly, the food is prepared in the 
commissary and suitable containers for keeping it hot, cold, 
or fresh, as the case may be, are required. 

The equipment for handling food in the airplane is 


SAE Journal (Transactions), Vol. 47, No. 2 























designed, and sometimes must be fabricated, by the oper- 
ator. A hot food box, or container for carrying hot foods, 
must be designed as light in weight as possible, and yet it 
must be capable of standing up in service. Attention must 
be paid to the type of material used, particularly with 
reference to stain and corrosion. The unit must be capable 
ot being cleaned easily. The heat-retaining value must be 
of a high order, inasmuch as this property governs to a 
great extent the size of the heat unit incorporated in the 
design. A heat unit always must be used in this connection 
because the hot food box may be opened many times in 
the course of serving passengers and the heat in the box 
itself must remain as constant as is possible. Electrical 
elements have been used in the past and have proved 
satisfactory. With larger equipment, however, additional 
power supply will be needed which means more weight. 
To eliminate this undesirable feature and to improve ser- 
vicing, several developments are in progress on new types 
of heating units. 

Containers for liquids usually undergo the same rigid 
design problems. The standard type of vacuum bottle is 
fine from an insulation standpoint, but considerable cost is 
involved due to breakage. Consequently, vacuum equip- 
ment with stainless-steel liners, incorporating suitable insu- 
Additional 
problems, such as spigots and venting of the bottles to take 
care of changes in barometric pressure, must be considered. 

Tables and covered lunch trays must be designed for 
serving. The tables must be constructed so as to pack easily 
in limited space; they should be light in weight and with 
out vibration when set up for use. 


lation, is being studied at the present time. 


All of these items and many more must be incorporated 
in the buffet section of the airplane. Each unit must be 
located with respect to its frequency of use as well as to 
permit easy and quick removal or use by both stewardesses 
and servicing personnel. And, last but not least, the entire 
installation, as well as each individual piece of equipment, 
must be pleasingly attractive. 

This completes the discussion on those factors which are 
classed as directly contributing to the passenger’s comfort. 
Following are those classed as indirectly contributing fac 
tors; they are considered as such either because the pas 
senger is not aware of their presence, or his use of such 
equipment is only occasional. 


Oxygen Equipment 


Extensive studies and tests have shown that flight at the 
higher altitudes, that is 10,000 ft or above, may have a 
definite effect on the individual. This effect is due to the 
fact that the barometric pressure decreases with altitude 
and thus the normal amount of oxygen is not available. 
This condition has some effect on various organic functions 
which can be restored to normal, however, when additional 
oxygen is supplied. It is on this principle that all the 
various types of oxygen apparatus for aircraft use have 
been designed. 

The present systems now in general use incorporate a 
pressure tank or cylinder for carrying the supply of oxygen. 
A regulator is then used to reduce the pressure of the 
oxygen from that in the tank to a pressure suitable for use 
with inhalation apparatus. From this point the oxygen is 
piped to individual outlets at suitable locations from which 
ic can be supplied to the passengers by means of an inhala 
tion unit. 


The development of such a system for airline use has 
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required an immense amount of research and study on the 
part of the individual operators. As aircraft equipment is 
improved and permits of higher flying, other things must 
be adjusted to suit. Higher altitudes, of course, permit 
more stable air conditions which is an advantage to the 
passenger both from the comfort of smooth flight as well 
as by permitting closer adherence to schedules. At the time 
the aircraft equipment now in service first was placed in 
use, little thought had been given to the use of oxygen 
equipment by manufacturers. 

One of the largest problems in this study of oxygen has 
been to obtain a satisfactory means for supplying the 
oxygen to the individual. There are two definite factors 
that are involved in the use of oxygen-inhalation units by 
passengers. These are: first, an efficiency of the unit such 
as will allow the carrying of a minimum amount of oxygen, 
thus reducing the weight of the equipment; and second, 
the psychological reaction of the individual to the use of 
the mask. Several types of masks have been developed 
recently and are on the market, and rather extensive tests 
are being made with them. 


a Lavatory Facilities 


As stated before, every possible convenience must be 
available for the individual passenger in order that his 
comfort will not be changed materially from that enjoyed 
at home or in the office. For this reason it has been neces- 
sary for the airlines to have equipment which provides 
satisfactory lavatory facilities. This problem, of course, is 
of much greater consequence on sleeper planes than it is 
on standard day planes. However, the equipment must be 
equally satisfactory in either case. 

Wash basins which are capable of appearing clean and 
being clean all the time must be available. There also must 
be suitable supplies of both hot and cold water, as well as 
fresh and ample supplies of linen. Even the electric razor 
with equipment for using it and the safety razor must be 
supplied. 

To afford such accommodations has required a great 
deal of study with respect to equipment. In order that the 
hot water will not be cold water when it is used, tests have 
had to be run on various types of heating units and various 
means of insulation. Revisions also have been made to be 
sure that water would drain directly from the airplane 
after it has served its purpose and not freeze at the outlet 
and back up at the wash basin. Lighting of the lavatory 
must be of such a nature that there will be sufficient light 
over the entire lavatory, in addition to spotlighting at the 
mirrors. Constant research is being conducted with respect 
to lavatory facilities, and the necessary improvements must 
be accomplished inasmuch as such details as these have a 
definite bearing on passenger comfort. 


w= Sanitation and Fumigation 


This is one of those problems of which the passenger is 
not directly aware but it is one from which, if adequate 
precautions were not taken, he would suffer much discom- 
fort. 

Deodorization is essential for the entire cabin as well as 
for the lavatory and its facilities. Many types of deodorants 
are on the market today, but it is necessary both from an 
economic standpoint and in the interest of ease of mainte- 
nance to find one which serves all purposes. Such things 
as corrosion of metal, staining of fabrics, undesirable after 
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odors, and method of using, all must be considered. 

While the disinfectant or disinfestant must meet the 
same requirements as outlined for the deodorant, the prob- 
lem is a little different inasmuch as it is one of prevention 
rather than of cure. Fortunately airline operators clean, 
inspect, and do minor overhaul work on all cabin equip- 
ment at the time of engine change and overhaul. This is 
one of the greatest preventives against vermin. However, 
there is always the possibility that some vermin may be 
carried into the plane between the times that the cabin is 
cleaned and inspected, although there is no record of any 
actual cases. In order to obviate any possibility of this 
occurrence, some method of routine disinfecting must be 


established. 


a Airplane Operation and Vibration 


There are a number of things that must be accomplished 
in the operation of the airplane both on the ground and 
in flight to promote further passenger comfort other than 
those already mentioned. It is necessary to regulate the 
rate of descent so that the passenger’s ears will not be 
affected by the increase in barometric pressure. When 
rough air is encountered in descent, the air speed nor- 
mally is reduced in the interest of passenger comfort. With 
equipment now available, it is possible to fly at higher 
altitudes, thus avoiding undesirable weather conditions 
and permitting a smooth, steady flight. With the larger 
airplanes capable of longer range flying, the necessity for 
frequent stops is eliminated. On approaching an airport 
for a landing the pilot avoids making sharp banks and 
turns that might upset passengers and descends as slowly 
and smoothly in a long straight glide as is possible. On 
the ground he endeavors to apply the brakes gently, taxiing 
up to the landing ramp slowly, as well as avoiding sharp 
turns. Slow, smooth taxiing without jars or unnecessary 
swinging of the tail helps a good deal in keeping down 
discomfort. Table 1 shows a condensed chart of comfort 
limits that are maintained in normal flight. 

Vibration of any sort is certainly an undesirable condi- 
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tion trom the standpoint of passenger comtort. It has been 
mentioned previously in this paper where it has been con 
nected closely with soundproofing, interior design, and 
other cabin features. 

Some years ago, Henry H. Bruderlin of Douglas Air 
craft Co., made this statement: “It is well known that 
noise sounds louder to the ear when it is accompanied by 
physical vibration and that vibration is more annoying in 
the presence of noise. Passengers usually accept noise in 
commercial aircraft. Some of them have commented on 
the disturbing quality of the vibration through the floors, 
chairs, and side walls of the cabin. It is highly desirable 
from the passenger’s standpoint to reduce both the noise 
and vibration to such an extent that neither one, by its 
presence, causes the other to be more perceptible.” The 
author feels that Mr. Bruderlin might have added: “and 
both should be made as unnoticeable as possible.” 

The greater portion of undesirable vibrations is attribut 
able to the propeller and engine combination. Experience 
has shown that much can be accomplished in the way of 
eliminating vibration in the cabin by attaching the engine 
to the aircraft structure with a suitable means of shock 
mounting. A good deal already has been accomplished in 
this respect. However, in effect, we have only scratched 
the surface, and research is being carried on continually 
to improve further such mounting. 

It also has been determined that unbalance of propellers 
has been an important factor contributing to cabin vibra 
tion. When the propeller blade and hub assembly are 
balanced properly after installation on the aircraft, excita 
tions in the cabin from this source are reduced materially. 

Improvements in the design of the later type engines, 
which now are used by the airline operators, also have 
contributed to reduction of this vibration problem. 

Proper shock-mounting of chairs where attached to the 
floor beams does much to reduce vibration that normally 
would be transmitted to them through the structure. The 
use of soft rubber-backed carpets or foam-rubber pads 
under thin carpets, also reduces any vibration that might 
otherwise be felt by the passenger’s feet. 

From this discussion it is apparent that passenger com- 
fort is considered a very vital problem in the operation of 
an airline and requires constant study and development 
of new equipment, continual improvement in present 
equipment, plus adequate contact with the manufacturers 
in order that they may gain from the operator’s experience. 
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MORE POWER per Unit Gross Weight 


ULL cognizance of the fact that the power- 

weight ratio of a vehicle is the fundamental fac- 
tor which no trick or gadget can possibly circum- 
vent, was brought about by the formulation of the 
SAE Truck Ability Rating, Mr. Wolf reminds. A 
better power-weight ratio can be accomplished, he 
explains, by three expedients, singly or collectively, 
these being: increasing the power of the engine; 
conserving the power developed; and reducing the 
weight of any of the components making up the 
gross vehicle weight. 


Past and present practices covering the ratio of 
chassis weight to gross vehicle weight for 1935 and 


by AUSTIN M. WOLF 


Consulting Engineer 


HE underlying background and considerations that led 

up to the formulation of the SAE Truck Ability Rating! 
brought full cognizance of the fact that the power-weight 
ratio of a vehicle (or train) is the fundamental factor and 
which no trick or gadget can possibly circumvent. It is 
basic that a given amount of power, assuming that none of 
it is wasted, will do just so much work and no more. Since 
hp (delivered 
to the clutch or its equivalent) will pull up a given grade 
at a given speed, is definitely fixed (unless rolling resistance 
be lowered and/or the power-transmission efficiency in- 
creased), what can we do at the present state of the art 
to get improved performance? 


the pounds of gross vehicle weight which 


An increase in the power- 
weight ratio is the sole answer. dn this discussion, per- 
formance is understood to be primarily grade ability, al- 
though the improvement will be felt in faster acceleration, 
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m Fig. |- Relationship between chassis weight and gross vehicle 
weight — 1935 and 1940 models 
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1940 are analyzed in this paper; also horsepower to 
gross vehicle weight for 1931, 1935, and 1940. 
Some typical truck models are scrutinized for speci- 
fication and design trends over the past ten years 
or more, emphasizing the horsepower and torque 
per pound of chassis weight, as well as the gross 
vehicle weight per pound-foot engine torque. 


In pointing out hopeful solutions and goals for 
future development, Mr. Wolf stresses the vital im- 
portance of incorporating into the design and con- 
struction of the vehicles, those measures which will 
insure long life and continued output comparable 
with the original, without forcing remedial measures 
in the field of operation. 


shorter trip time, reserve power, lessened maintenance 
costs due to not pushing the unit to the limit, and so on. 

Before attempting to discuss various ways and means 
whereby the foregoing might be brought about, a glance at 
the past and the present will give us a perspective upon 
which we might sense the trends or undercurrents which 
are flowing on, possibly unbeknownst to many of us. 


mw Ratio of Chassis Weight and GVW 


Fig. 1 shows a series of curves in which the chassis 
weight is plotted against GVW. Curve A depicts con- 
ditions in 1935. Except for a slight rise over the 8000- 
12,000 GVW range, curve 4 is a straight line. The curve 
represents the mean line of a scatter diagram of the vari- 
ous models of all types then on the market, (light, medium 
and heavy-duty four-wheel models, tractor units excluded). 
The chassis weight over the straight-line portion ranged 
370-380 lb per 1000 lb GVW. The remaining curves rep- 
resent 1940 models; Curve B shows the Dodge line; curve 
C, International Harvester and D, White. It is interesting 
to note how curves C and D merge over the 23,000-26,000 
lb GVW range where a 225-250 lb per thousand ratio 
exists. The proponents of the heavier-duty trucks will 
echo an emphatic “yes” to this phase of better utilization 
of chassis weight. Ratings, of course, have been stepped 
up since 1935. I do not propose to discuss “ratings” at 
this time as it would probably take up an undue amount 
of time to agree on only a few sidelights of the subject. 
Granting that ratings have been increased in the interim, 
we could displace curve 4 to the right a small distance to 
bring it up to date, but I am satisfied that, while it would 
not meet a mean line going through all of the individual 
original points of curves B, C, and D, it would nevertheless 
parallel it over its major length. There has been without 
question an improvement in power-weight ratios. 


{This paper was presented at the Semi-Annual Meeting of the 
Society, White Sulphur Springs, West Va., June 10, 1940.] 

‘See SAE Journal, Vol. 46, No. 1, January, 1940, pp. 12-15: “The 
Ability Rating of Motor Trucks in Rel: ation to Engineering Aspects of 
Minimum Performance Requirements.” 








@ Ratio of Horsepower and GVW 


Taking the models listed in one of the 1931 issues of the 
Commercial Car Journal, we have in Fig. 2 a scatter dia- 
gram showing horsepower plotted against GVW. Note 
that one model had the temerity to gross at 35,000 lb. Curve 
E is a mean line drawn through the various points. Straight 
line F shows the relationship of 300 lb per gross hp or 
roughly 324 lb per net hp which is the potential per- 
formance of 20 mph up a 4% grade. Curve E crosses 
line F at about 30,000 GVW. Similar comparisons will 
be made for the two curves to follow. It will be noted 
that a number of models are below this line; hence these 
1931 trucks were underpowered as viewed from today’s 
performance requirements. Fig. 3 is a similar diagram 
plotted from Commercial Car Journal figures and other 
statistical data for 1935. The vehicles have been improved 
since curve G is well above line F and crosses it at near 
34,000 lb GVW. No model is below the line until we 
get to the one at 30,000 lb and two at 36,000 |b. Still 
greater improvement is found in Fig. 4 of 1940 production. 
We go to 36,000 lb GVW before we find an instance under 
line F. Curve H starts at the left at approximately the 
same range as the 1935 group, but therefrom it extends 
upwardly to a still greater extent and crosses line F at 
about 39,000 Ib. It would appear that vehicles up to a 
gross of 35,000 lb are adequately powered. Beyond that, 
larger engines or improvements in the power-weight ratio 
are required if performance is to be bettered. 

Trucks below this level which would be used to tow 
semi-trailers or trailers would, of course, require additional 
power or other improvements, depending on the gross 
train weight. Trailers have not been considered in the 
diagrams. However, from Fig. 4, it will be apparent that 
the particular trucks shown with 13,000 lb GVW appear 
adequately powered for gross train weights of the order 
of 21,000-23,000 Ib. With Fig. 4 still before us, we might 
for a moment consider present legal restrictions on gross 
weight which, of course, vary greatly. For single vehicles, 
including six-wheelers, the maximums range from 22,000 
up to about 50,000 lb with the most typical figure probably 
between 35,000 and 45,000 lb. For single vehicles, there- 
fore, it would appear that net horsepowers ranging up to 
150 would be required. This upper limit is, of course, 
based on the assumption that maximum gross vehicle 
weight limits are not going to be increased. This appears 
to be a reasonably safe assumption as the 18,000-lb axle 
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m Fig. 2—Gross horsepower versus gross vehicle weight — 1931 
models 


load seems to be becoming more firmly established which 
puts a GVW limit of 54,000 lb on six-wheelers, disregard- 
ing the bridge formula. No similarly precise estimate of 
gross combination weights can be made. Present state 
limits for combinations range from 35,000 lb up (the upper 
limit being indeterminate) but it appears legal to operate 
combinations with a gross weight in excess of 100,000 |b 
in a number of states. However, limits of 60,000 to 70,000 
lb are more common. These limits would require engines 
of the order of 200 net hp output. 


mw Evolution of Typical Models 


Over a period of years, changes in engine and chassis 
design in a given basic model have resulted in power out- 
put and gross-weight-rating increases. Neither factor has 
stood still nor have ratings with most manufacturers been 
“upped” without some change in specifications whereby 
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m Fig. 3—Gross horsepower versus gross vehicle weight — 1935 
models 


the improvements warranted such increases in rating and 
which have inevitably meant an increase in chassis weight. 
Fig. 5 represents the developments over a ten-year period 
of a Mack model, showing trends in bhp, rpm, compres- 
sion ratio, chassis weight, and gross vehicle weight. In 
analyzing these curves it is seen that the following changes 
have taken place: 


Horsepower Increase 32% 
Compression-Ratio Increase 17% 
Governed Speed Increase 17% 
Torque Increase 10% 
Chassis Weight Increase 35% 
Gross-Vehicle-Weight Rating Increase go % 
Pounds Gross Vehicle Weight per Horse- 
power Increase 39% 


Over this period, there has incidentally been a_ price 
decrease of 1714 %. 

The Autocar Model 358 engine (4-in. bore, 4%-in. 
stroke, 358 cu in. displacement) was put into production 
in 1930 at which time cast-iron pistons and 5.3:1 compres- 
sion ratio were used. The engine developed 86.7 hp at 
2400 rpm, and 250 lb-ft torque at 800 rpm which is the 
equivalent of 105.1 lb per sq in. bmep. The engine was 
then subject to numerous changes such as the adoption of 
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a Fig. 4-—Gross horsepower versus gross vehicle weight — 1940 
models 


aluminum pistons, hardened crankshafts, modification of 
combustion-chamber shape, alteration in valve timing, 
changes in manifolding and carburetion with the follow- 
ing results: 101.3 hp at 2600 rpm, 270 ft-lb torque at 1000 
rpm corresponding to 113.8 lb per sq in. bmep. In 1930 
this engine was used in the then known Model D. The 
chassis weight with the cab was 5850 Ib, and it was rated 
at 15,000 lb GVW. 
2 to 244 ton truck, this latter being, of course, merely a 
nominal figure. 


Also, at that time it was rated as a 


It is almost an impossibility to trace the 
history of the development of a particular model through 
the years in a way which would present a comparative 
However, 
over a period of several years when the Model D did not 
change too greatly in its general characteristics, the chassis 
weight increased to about 6300 |b and the gross rating was 
raised to about 17,500 |b. 


picture since no one factor remained static. 


At the present time the lightest unit powered by this 
engine is known as the C-4o, and the weight of cab and 
chassis on maximum size tire is 7705 lb and the GVW is 
20,000 lb. It is, of course, obvious that, outside of the 
fact that the same size engine is used, there is little in 
common between the earlier truck and the present model, 
the C-40, in which the “358” engine only is available. The 
heaviest model in which this engine is utilized is the C-60, 
and the weight of this chassis is 9250 lb on the maximum- 
size tires and it is rated at 26,000 lb GVW. In this chassis, 
there is available an oversize engine of 408 cu in. As a 
tractor the “358” engine is used in the C-40T model. The 
chassis weighs on maximum-size tires 7725 lb, and the gross 
combination weight is 32,000 lb. No Autocar model has 
been changed in rating without a resultant increase in 
weight. One exception to this general statement would 
be that it has been Autocar policy to have published ratings 
on a sufficiently conservative basis to allow latitude for 
difference in the character of territory in which the vehi- 
cles are operating and also the character of the work or 
the materials which are being hauled. In other words, 
the published ratings are considered to be the practical 
minimum, which would be subject to some increase where 
the territory in which the truck is operating is better than 
average as to grade, and so on, or where the load carried 
is limited by the container, such as in fluid tanks. 

A very complete résumé of truck development will be 
found in Table 1, showing the evolution of General Motors 
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trucks over the period of 1926 through 1940. The 14,000-lb 
GVW chassis of 1928 weighed 4450 lb and had a 239 cu in. 
engine. The 1940 model of similar capacity weighs 4635 lb 
and has a 248 cu in. engine. The first engine developed 
a maximum torque of 172 lb-ft over 1000-1400 rpm range 
and peaked 72 hp at 2500 rpm. The present engine de- 
velops 196 lb-ft at 1000-1200 rpm and 88 hp at 3000 rpm. 
The 28,000-lb gross chassis of 1936 weighed 8965 lb and 
was equipped with a 400 cu in. engine. The 1940 chassis 
version weighs 9530 |b and the displacement is 426 cu in. 
The 1936 engine developed 296 lb-ft torque at 800-1600 
rpm while the present one gives 344 lb-ft at 800-1400 rpm. 
The original 110 hp used at 2300 rpm has been stepped up 
to 141 hp at 2400 rpm. Increases in power and torque 
output for a given displacement are noticeable as well as 
the increase of power in later years for a given GVW. The 
257 cu in. engine of 1930 developed 185 lb-ft torque at 
1000-1400 rpm while, in 1938, it was stepped up to 190 
lb-ft over a range of 800-1600 rpm. The development of 
such a flat torque characteristic is a notable development. 
Power increases for this engine were from 76 hp at 2500 
rpm to 87.5 hp at 2800 rpm over the same period. Chassis 
weights show a general increase for a given GVW with 
slight occasional fluctuations. With continual specification 
changes it must be borne in mind that ratings cannot be 
identical over a period which starts with the inception, not 
the general use, of pneumatic truck tires. 

Torque peaks cannot be said to have risen generally. In 
some cases the trend has been downward, but the notice- 
able improvement has been the ability to sustain it at the 
higher speeds without sacrificing it at lugging speeds. 
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= Fig. 5— Bhp, rpm, GVW, compression ratio, and chassis weight 
of a Mack model over a ten-year period 




















Table | - Comparison of GMC Truck Weights & Engine Power from 
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1926 
8500 K-17 3433 239 92-1000 
11000 K-32 3686 239 92-1000 
17500 K-52 5845 277 95-1000 
24500 K-72 8280 414 239- 800 
32000 K-102 9235 414 239- 800 
1927 
7600 T-20 2725 207 140-1400 
11600 T-40 4225 274 180-1400 
18600 K-54 6900 414 239 800 
20800 K-56 7050 414 239- 800 
32000 K-102 9235 414 239- 800 
1928 
7600 T-19 2525 187 112- 800 
11000 T-30 3965 239 172- 1000-1400 
14000 T-42 4450 239 172- 1000-1400 
20000 T-60 6335 309 215- 800-1400 
24000 T-80 6605 309 215- 800-1400 
32000 K-102 9325 414 239- 800 
1929 
8200 T-19 3025 200 123-1000 
11000 T-30 4117 239 172-1000-1400 
14000 T-42 4735 239 172~-1000-1400 
22000 T-60 6980 239 172- 1000-1400 
32000 K-102 9325 414 239- 800 
1930 
8500 T-19 3100 200 123-1000 
11000 T-30 4405 257 185 - 1000-1400 
14000 T-42 4915 257 185 - 1000-1400 
15000 T-44 5105 257 185- 1000-1400 
18500 T-60 6800 331 230- 800-1400 
22000 T-82 7725 331 230- 800-1400 
1931 
8200 T-18 2970 200 127-1000 
10000 T-19 3640 200 127-1000 
11000 T-26 4110 257 185- 1000-1400 
14000 T-31 4560 257 185 - 1000-1400 
16000 T-45 5140 257 185 - 1000-1400 
19000 T-51 6140 331 230- 800-1400 
22000 T-61 6985 331 230- 800-1400 
24000 T-83 7660 331 230- 800-1400 
26000 T-85 10860 468 340-1000 
1932 
8200 T-18 2970 200 132-1200 
10000 T-23 3300 200 132-1200 
14000 T-31 4560 257 185 - 1000-1400 
16000 T-45 5000 257 185- 1000-1400 
19000 T-51 6140 331 230- 800-1400 
22000 T-61 7320 400 296- 800-1600 
25000 T-83 7930 400 296- 800-1600 
30000 T-85 10860 525 380-1000 
1933 
9500 T-18 3215 221 155 - 1000-1800 
10500 T-23 3650 221 155- 1000-1800 
13000 T-33 4750 257 185 - 1000-1400 
16000 T-43 5295 257 185- 1000-1400 
19000 T-51 6575 331 230- 800-1400 
22000 T-61 7400 400 296- 800-1600 
25000 T-83 7970 400 296 800-1600 
30000 T-85 10860 525 380-1000 


Governed 
Speed 


Maximum HP 


= 
=o 
3 


G 


37 — 1800 G 
37 — 1800 G 
42 - 1600 G 
52 — 1600 G 
52 — 1600 G 


50 — 2000 

61 — 2000 G 
52 —- 1600 G 
52 —- 1600 G 
52 — 1600 G 


~ 43 — 2400 


72 — 2500 G 
72 — 2500 G 
89 — 2500 G 
89 — 2500 G 
52-— 1450G 


58 — 3000 

72 — 2500 G 
72 — 2500 G 
72 — 2500 G 
52 — 1450 G 


58 — 3000 

76 — 2500 G 
76 — 2500 G 
76 — 2500 G 
94 —- 2500 G 
94 - 2500 G 


60 — 3000 

60 — 3000 

76 — 2500 G 
76 — 2500 G 
76 — 2500 G 
94 — 2500 G 
94 — 2500 G 
94 — 2500 G 
115 — 2200 G 


128 — 2100 G 


69 — 2800 

69 — 2800 

76 — 2500 G 
76 — 2500 G 
94 - 2500 G 
110 — 2300 G 
110 — 2300 G 
128 - 2100 G 


lb 


92210% 
Rolling Resistance 


GVW Based on 
Maximum Tire 
Rating and 1! 


13000 


17000 
19000 
20000 
23000 


11000 


13000 
15000 
20000 
25000 
28000 
32500 


11000 
13000 
15000 
20000 
25000 
28000 
32500 


11000 
13000 
15000 
20000 


28000 
32500 


12000 
14000 
17000 
20000 
25000 
28000 
32500 


12000 
14000 
17000 
20000 
25000 
28000 
32500 


T-16 


GMC Truck 
Model No. 


| 
= 
a 


T-18 
T-23 
T-33 
T-43 
T-46 
T-51 
T-61 
T-83 
T-85 


T-18 
T-23 
T-33 
T-43 
T-46 
T-51 
T-61 


T-16 
T-18 
T-23 
T-33 
T-46 
T-61 
T-61H 


T-16 
T-18 
T-23 
T-33 
T-46 
T-61 
T-61H 


T-16 
T-18 
T-23 
T-33 
T-46 
T-61 
T-61H 


AC-400 
AC-500 
AC-600 
AC-700 
AC-800 
AC-850 


AC-300 
AC-400 
AC-500 
AC-600 
AC-700 
AC-800 
AC-850 


1926 to 1940 Inclusive 


5 ¢ 
s.32 <= = 
*tte 32 r= 
gEG> OF - 
SSES ee Es 
Peae Bs a 
Q225 wt =2 
1934 
3170 213 147- 1400-1800 
3500 221 155 - 1000-1800 
4275 221 155- 1000-1800 
4800 257 185- 1000-1400 
5315 257 185- 1000-1400 
6130 331 230-— 800-1400 
7035 331 230- 800-1400 
8340 400 296- 800-1600 
8925 400 296- 800-1600 
10860 525 380-1000 
1935 
3285 213 147~- 1400-1800 
3990 221 161 - 1000-1600 
4565 221 161 - 1000-1600 
5320 257 190-— 800-1600 
5460 257 190-— 800-1600 
6635 331 230- 800-1400 
7040 331 230-— 800-1400 
8340 400 296-— 800-1600 
1936 
3440 213 152- 1200-2500 
4150 239 170- 1000-2000 
5200 257 190-— 800-1600 
6160 286 205 ~ 1000-1800 
7520 331 230- 800-1400 
8965 400 296- 800-1600 
9600 450 340- 800-1200 
1937 
3475 230 172-1200 
4475 239 175- 800 
5360 257 190- 800-1600 
6215 286 205 — 1000-1800 
7520 331 230-— 800-1400 
9085 400 296- 800-1600 
9780 450 340- 800-1200 
1938 
3475 230 172-1200 
4525 239 175- 800 
5360 257 190-— 800-1600 
6375 286 205 - 1000-1800 
7705 331 230- 800-1400 
9350 400 296- 800-1600 
9780 450 340-— 800-1200 
1939 
AC-300 3650 228 180-1000 
4540 248 196 - 1000-1200 
5855 278 220- 800-1600 
6655 308 244-— 800-1600 
7860 361 284- 800 
9435 426 344- 800-1400 
9790 451 368- 1000-1400 
1940 
3650 228 180-1000 
4635 248 196 - 1000-1200 
5915 278 220- 800-1600 
6715 308 244- 800-1600 
8040 361 284- 800 
9530 426 344- 800-1400 
10030 451 368 - 1000-1400 


Maximum HP 
at RPM 


G 


84 


87.5 
90 


110 
126 


86 


87.5 
90 


110 


126 - 


86 


87.5 
90 


110 
126 


80 - 


100 - 
107 - 


118 
141 
146 


80 - 


100 - 
107 - 


118 
141 
146 


Governed 
Sneed 


3300 
2800 


~ 2800 


2500 G 
2500 G 
2500 G 
2500 G 
2300 G 
2300 G 
2100 G 


3300 
3200 
3200 
2500 G 
2500 G 
2500 G 
2500 G 


~ 2300 G | 


3500 
3000 G 
2800 G 
2600 G 
2500 G 
2300 G 


2300 G 


3500 


- 3000 G 
- 2800 G 


2600 G 
2500 G 
2300 G 
2300 G 


3500 

3000 G 
2800 G 
2600 G 


~ 2500 G 


2300 G 
2300 G 


3000 

3000 G 
2800 G 
2600 G 
2500 G 
2400 G 
2400 G 


3000 | 
3000 G 
2800 G 
2600 G ' 
2500 G 


- 2400 G 


2400 G 
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m Horsepower and Torque per Pound Chassis 


From a still different point of view, it can be shown that 
our truck designs have been advancing steadily. Another 
conception of the power-weight ratio is obtained by com- 
paring the horsepower and torque per pound of chassis 
weight (road weight). Curves J and K in Fig. 6 show the 
mean lines of scatter diagrams representing the horsepower 
and torque respectively per pound of chassis weight, de 
rived from statistical data of the 1935 truck models. Curves 
L and M indicate the present higher ratios obtained in the 
International Harvester 1940 lines. Table 2 
data and further information in tabular form. Curve N 
represents a new line of models of another make. For the 
basis of 1 lb maximum GVW per lb-ft engine torque, see 
Table 3, as in the case of International Harvester. 
the comparative models for 1935, 1937 


presents these 


Here 
, and 1940 are com- 
pared, showing the results of increased tongue output. In 
the case of the ™M: ick model referred to in Fig. 5, the torque 
per pound of tare weight (total weight of & Hi assis, cab and 
body) has gone from 0.0316 to 0.0236 lb-ft over the ten- 
year period. This is the model whose GVW 


rating in- 
and chassis weight 35%. 


Cr 
creased go /¢ 


m More Power per Unit Gross Weight 


Reverting to the premise that a horsepower will do just 
so much work, how can we improve our power-weight 
ratio, since all indications are that very shortly better per- 
formance will be 
models? 


mandatory for a number of 


goodly 
three 
power; (2) the 
power already developed by the engine; 
the tare weight. 


sroadly, 


there are only 
proach: (1) 


avenues of ap- 
increased 


conservation of 
and (3) decreasing 
Any or all of these expedients can be 
resorted to, but we must be practical and turn out an 
economical motor vehicle 


economical to purchase and 
economical to maintain. 


Hence many attainable ideals are 
ruled out, for the present at least, because of their cost. 


m Increased Power 


Probably the first impulse to attain greater engine output 
would be to increase the piston displacement, whether by 
greater bore and stroke or a greater number of cylinders. 
Many models could without question benefit by a larger 





Table 3 — Weight-Engine Torque Ratio 





Maximum Maximum 1 lb MGW 

Gross Engine Per 1 Ib-ft 

Weight Torque Engine 
Model Year (MGW) and RPM Torque 
C-1 (1935) 4400 151 — 800 29.1 
D-2 (1937) 4400 153.8 — 1000 28.6 
D-2 (1940) 4400 155 — 1000 28.3 
C-15 (1935) 6000 151 — 800 39.7 
D-15 (1937) 6500 153.8 — 1000 39.2 
D-15 (1940) 6650 155 — 1000 42.8 
C-30 (1935) 10125 151 — 800 67.0 
D-30 (1937) 12000 165.5 — 1000 72.5 
D-30 (1940) 13200 170 — 1000 77.6 
C-35 (1935) 10400 160.4 — 800 64.8 
D-35 (1937) 13000 171 — 800 76.0 
D-35 (1940) 14600 175.5 — 800 83.1 
C-40 (1935) 13000 160.4 — 800 81.5 
D-40 (1937) 14000 186 — 800 75.2 
D-40 (1940) 16200 192 — 800 84.3 
C-50 (1935) 16100 191 — 800 84.2 
D-50 (1937) 17000 206 — 1000 82.5 
D-50 (1940) 18800 218 — 1600 86.2 
C-60 (1935) 21500 213.5 — 800 100.7 
D-60 (1937) 20000 260 — 1000 76.9 
D-60 (1940) 22500 268 — 1500 83.9 
DR-70 (1937) 24400 308 — 800 79.2 
DR-70 (1940) 26900 308 — 800 87.3 

0.06 
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m Fig. 6— Horsepower per pound of chassis weight and torque per 
pound of chassis weight versus gross vehicle weight — 1935 and 1940 





models 
Table 2— Weights and Power-Weight Ratios 
Available 
Chassis Body and Maximum Maximum Horsepower Torque 
Wheelbase, Gross Road Payload HP and Torque Chassis Chassis 
Model in. Weight, |b Weight, Ib Weight, Ib RPM and RPM Weight _ Weight 
D-2 113 4400 2290 2100 78.2/3400 155/ 1000 0.0342 0.0677 
125 2315 0.0339 0.0670 
D-15 113 6650 2720 3600 78.2/3400 155 /1000 0.0287 0.0570 
130 2800 0.0279 0.0553 
D-30 128 13200 3510 9000 81/3200 170/1000 0.0230 0.0484 
173 3685 0.0219 0.0461 
D-35 137 14600 4135 10000 84/3200 175.5/800 0.0203 0.0424 
179 4220 0.0198 0.0415 
D-40 134 16200 4805 11000 89. 1/3200 192/1600 0.0185 0.0399 
176 4895 0.0182 0.0393 
D-50 137 18800 6215 12000 93.7 /2800 218/1600 0.0153 0.0351 
179 6335 0.0148 0.0344 
D-60 149 22500 7190 14600 111.4/2700 268 /1500 0.0155 0.0373 
197 7375 0.0151 0.0363 
DR-70 149 26900 8100 18000 114. 2/2600 308 /800 0.0141 0.0380 
197 8285 0.0138 0.0372 
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m Fig. 7—Trend of American bus and truck engines since 1935 - 
Average of values listed in trade publications (Prepared by Ethyl 
Gasoline Corp.) 


powerplant in a territory that would warrant such a mea- 
sure. High ability ratings arouse little interest in flat 
country. Today’s heavy-duty four-wheel trucks are gen- 
erally capable of meeting all reasonable performance re- 
quirements. Comparatively larger engines need be no 
“luxury”; they have the necessary output for peak demands 
and by proper transmission-gear ratios they still can be 
economical for lesser demands. Really all of the complaints 
directed at slow hill-climbing ability lodge with the tractor- 
semi-trailer or many six-wheelers because of their unfavor- 
able power-weight ratios. At one end of the line the light 
tractor units could benefit by larger engines. All along the 
line the comparatively larger engine is at no handicap if 
transmission gear ratios are selected properly.” Possibly we 
suffer more from lack of operator education of proper gear 
usage than from our ability to designate the proper gear 
ratios. To facilitate quick gear shifting is most desirable 
and, while the passenger-car overdrive unit is not directly 
transposable to truck operation, such quick immediate shift- 
ing ease and controls are desirable in truck operation. 


w Increased Compression Ratio 


Increased compression will give more power. Simulta- 
neous problems arise but we should be able to control them. 
For trends, note the upper curve in Fig. 7 prepared by 
Ethyl Gasoline Corp. Note also the incheenns in horse- 
power per cubic inch, maximum brake horsepower, and 
revolutions per minute at maximum brake horsepower. 
Displacements have not risen. Independently and hand-in- 
hand with increased compression ratios goes combustion- 
chamber design. On top of all this, the antiknock value of 
gasoline has far-reaching portents. Will octane values 
increase in view of the steepness of the curves in Fig. 8? 
We heard the answer last April when Dr. Gustav Egloff 
stated* that he had developed triptan with 125 octane 





2See SAE Transactions, August, 1938, pp. 342-348: “Truck Per 
formance,” by M. C. Horine. 
3 Before the American Petroleum Institute, Columbus, O., April 12, 
1940 

4See SAE Transactions, April, 1938, pp. 141-157: ‘“‘Carburetion, 
Manifolding and Fuel Antiknock Value,” by Earl Bartholomew, Harold 
Chalk, and Benjamin Brewster; December, 1938, pp. 511-514, 520: 
“Some Factors Controlling Part-Load Economy, ” by Hector Rabezzana; 
and March, 1939, pp. 125-140: “Multicylinder Engine Detonation and 
— Distribution,” by A. J. Blackwood, C. B. Kass, and O. G. 
wis. 
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rating. There can be no question that the reduction in 
cost from $3600 per gal to $50 will continue at a rapid rate. 

A number of production engines have shown steady 
power output increases without resorting to changes in 
cylinder size. A ten-year development is depicted in 
Table 4 of two 6-cyl Waukesha engines, one 44% x 4% i 
and the other 5 x 5% in. Some of the detail interim 
changes are indicated in the table. 


mw Engine Details 


Hot exhaust-valve heads and piston heads have miti 
gated against raising compression ratios. However, the 
sodium-cooled valve, in heavy-duty service (in production 
models as well as experimental) has increased valve life; 
the temperature of operation has been reduced greatly; 
better performance has been obtained; and it has proved 
itself to be cheapest on a cost-per-mile basis. Piston cooling 
remains to be produced practically. 
have proved its worth. There is hardly a unit or piece in 
the engine that could not be improved so that, by a fine 
combing process, the resultant individual contributions 
would net a substantial final result in power increase and 
economy. The 


Laboratory results 


“atrocities” that exist in present-day mani 
folding with its unequal quantitative and qualitative mix 
ture distribution and the variations in the spark timing of 
individual cylinders have been discussed thoroughly* and 
Governors 
should present no restriction or disturbance and have sharp 


are a challenge to the engineering profession. 


cut-off. Cold carburetion has not been given enough atten 
tion. Hercules obtains a 62%¢ increase in power output 
per cu in. displacement in a marine-engine conversion with 
a cold manifold, when compared with its predecessor of 
10 years ago. Over this period they have had a 32% in 
crease in the corresponding truck models, compression 
ratios increasing from 5.3 to 6.5:1. As was seen in Fig. 7, 
revolutions per minute have been increasing steadily to an 
extent of almost 5% in the last five years. However, the 
big “push” occurred over the 1927-1938 period when a 
51% increase took place, as depicted in Fig. g, also an 
Ethyl Gasoline Corp. curve sheet. 
up compared with the early stages. 


The trend has slowed 
The latest White en 
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have by no means hit the ceiling, although I do not wish to 
convey that commercial vehicle engines will ever be that 
“high-strung.” . This brings up the subject of superchargers 
which has a distinct application in heavy-duty work, both 
gasoline and diesel. 


gines have been stepped up and, while Mr. Baster did not 90 1 T 
specifically mention higher speeds in his paper, “Why Not | | | | ite 
ce as ane rare. cee ¢ 
125 BMEP in an L-Head Truck Engine,” other improve -T | aan Deae RGN iene ‘% +A 
: sag eye: | 
ments described therein include improved manifolding, the on” 
use of hydraulic valve tappets, cooling of the exhaust-valve 10 T T t ome! yet a’ wae 
, ‘ i : : ; } } 
seats and overcoming cylinder-barrel distortion. Breathing | | | | / 
capacity, valve timing, exhaust-valve dimensions and seats, 60 t —1—_1 Tie horsteesc-i ° 
. 79 o bs - . | | sprakoes= . 
piston rings, valve gear, the cooling and lubricating sys- qi a: aft | 
° e °° 4 > 50 | | - “\ —— | -— 
tems, bearing materials, capacities and loads, and countless RS | 
‘ R a v | Res C-_* 
other items could be discussed in the march toward greater Fs | aaty7 RPA" 
efficiency with resultant increased output. Decreased fric- 5 40 ] | | Niele 
é ; : - s | oe } | 
tion horsepower is a desideratum, and the better finishes v | | WA 
° ° _ 6 ae ee — ————+- + 4+ + —- 
that have been developed are a contribution thereto. With ® 30 . ee a grid — 
aircraft engines going 200 lb per sq in. bmep or better, we £ - of or" 
- } 
a 
VU 
. 
@ 
a 


A moot question is whether super- 
charging will bring the two-cycle engine to the fore, espe 
cially with fuel injection, be it gasoline or fuel oil. The 
injection of gasoline in this way, while now confined to 
aircraft work, nevertheless shows profound possibilities.® 


w Dual Engines 


Last but not least I wish to mention the Clark automatic 
booster unit that was developed for Chevrolet trucks. The 
installation shown in Fig. 10 consists of a 4-cyl Hercules 
engine (developing 47 hp at 3100 rpm and 93 lb-ft torque 
at 2000 rpm) delivering its output to the Chevrolet trans- 
mission. It is effective in second, third and high only, so 


See SAE Transactions, 


February, 1939, pp. 72-76: “‘Why Not 125 
BMEP in an L-Head Truck Engine?” by F. S. Baster. 
® See SAE Transactions, April, 1940, pp. 166-176: ‘‘Performance of 
Aircraft Spark-Ignition Engines with Fuel Injection,” by Oscar W. 
Schey 
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m Fig. 9—Trend of American bus and truck engines since 1927 — 
Average of values listed in trade publications (Prepared by Ethyl 
Gasoline Corp.) 


as not to overload the driving line in low gear. The booster 
engine cuts in and out automatically when additional 
power is required, being controlled by a vehicle speed gov- 
ernor, a vacuum governor connected to the Chevrolet 
engine, and accelerator governor, and the booster’s auto- 
matic throttle. Fig. 11 is a sustained speed chart on 442% 
grade, which shows the unit in competition with other 





Table 4—Increased Power of Waukesha Engines— 1930-40 


6MZR 
(Larger Intake Valve — Higher 








6KU 6MZ Lift - New Cam Timing) 
Bore and Stroke, in. 4l4 x 43, 4l4, x 434 44, x 434 
Displacement, cu in. 404 404 404 
(Ethyl! Gas — 
Fire Trucks) 
Year 1930 1930-36 1937-38 1938 1940 1938 
Compression Ratio 4.6 5.35 5.35 5.35 5.6 6.2 
Peak Hp 86 87 88 95 106 113 
At Rpm 2400 2400 2400 2400 2600 2600 
Peak Torque, Ib-ft 248 250 260 286 290 302 
At Rpm 800 800 1000 800 900 700 
Maximum Governed Rpm 2250 2250 2250 2500 2500 2500 
(with aluminum alloy pistons) 
6RBR 
(Higher Lift Intake Valve - 
6RB New Cam Timing) 
Bore and Stroke 5 x 534 5 x 534 
Displacement, cu in. 677 677 
(Larger Intake (Ethyl Gas - 
Manifold) Fire Trucks) 
Year 1930 1932-38 1938 1938 
Compression Ratio 4.4 4.75 5.35 5.35 6.15 
Peak Hp 125 145 152 170 
At Rpm 1900 2000 2200 2400 
Peak Torque 440 470 490 500 
At Rpm.. 600 900 800 800 
Maximum Governed Rpm 1900 1900 2000 2000 
(with aluminum alloy pistons) 
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makes of trucks. In reading this chart, each truck ap- 
proached the grade at the speed indicated in miles per hour 
and maintained these speeds for the entire length of the 
grade. The truck was not “high-balled” into the grade 
and then allowed to decelerate. The decelerating was con- 
tinued to the speed that the unit could maintain steadily 
on the grade and the load varied to obtain the different 
speeds. The heavy line shows the Chevrolet truck equipped 
with the Clark booster. A figure of 94.1 ton-miles per hr 
per gal has been obtained with the unit as compared with 
87.0 without the booster. The GVW was 31,000 lb of 
which 18,640 lb were payload. The installation of the 
booster engine increases the chassis weight from 3970 |b 
to 5050 lb. Neither of these weights includes brakes, auxil- 
iary gas tanks, and fifth-wheel mounting. These items 
naturally vary considerably with different installations and 
uses of trucks and tractors. However, the complete tractor 
weight as developed, including air brakes, two 30-gal 
auxiliary gas tanks hung on the side of the chassis, sub- 
frame and fifth wheel mounted was 5630 lb. 

Personally I feel that there is a field for two-engine 
designs. If this Clark development takes hold, there can be 
no doubt that the auxiliary or second engine will be placed 
in a more advantageous position in a unified design. For 
particular classes of work over certain regions, a single 
large engine must be operated a good part of the time at 
a very unfavorable part-throttle opening, resulting in poor 
fuel economy. A two-engined unit in its field can bring 
about a better engine load factor on the individual engine 
or the dual engines, than in the case of one large engine 
favored by many gear ratios. 


7See SAE Transactions, May 1940, p. 187, Fig. 4 of “‘Truck Per 
formance Study of the Public Roads Administration,’ by J. Trueman 
Thompson. 

“See SAE Transactions, May, 1940 p. 187, Fig. 3 of “Truck Per- 


formance Study of the Public Roads Administration,” by J. Trueman 
Thompson. 
"See the Automobile Engin-er, February, 1940, pp. 35-37: ‘‘Front- 


Steered Cars,”” by Maurice Platt. 





a Conservation of Power 


In our ability formulas we have assumed an efficiency 
factor of 0.85 or 0.9. There is not much encouragement to 
better this figure materially. Anti-friction bearings, gear 
mountings, steels and heat-treatments for minimum distor- 
tion and gear production seem to have reached well-nigh 
perfection. Nevertheless the effective width of gear teeth 
is not fully or properly utilized where springing or distor- 
tion occurs, nor are our studies through with transmission 
or axle housings that give torque reaction or weight dis 
tortions. The tire-road contact is not a very happy com 
bination for highly efficient power transmission and driving 
thrust, but it is all that we can do. Possibly the collective 
distortions that occur all along the line are the reasons why 
eficiencies have been found to drop off if the total gear 
reduction increases*. The other factor in our formulas that 
will bear scrutiny is the value of 1.2 or 1.5 lb per 100 Ib 
gross weight that is used for rolling resistance. This has 
been found to vary with road speed as well as with GVW.S 
Wind resistance is not to be overlooked. Six years ago this 
idea was laughed at but, in view of present-day road speeds, 
it just cannot be ignored for trucks in fast service. 

Better suspensions are desirable. Every time the load 
and truck are raised over an obstruction, it is done at the 
expenditure of energy which is not utilized to propel the 
truck. The music of every squeak and rattle is also paid 
for. Hence the “must” for the least possible dislocation of 
the whole vehicle and its load as it progresses over the 
road. Low center of gravity minimizes energy-robbing 
sidesway and prevents the action of an inverted pendulum 
ot long length. Tires may cause more power absorption 
than we recognize. In negotiating a turn, over-steering 
and under-steering conditions indicate an instability that 
steals energy. This also will occur on a straight path as a 
result of side thrust.” The present experiments with wider 
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base rims show better stability and should prevent a small 
loss that is being overlooked. 

The greatest enemy in the days of the solid-tired truck 
was vibration. The motor vehicle is still subjected to high 
shock loads due to either faulty driver operation, poor 
terrain, improper suspension, high speed, and so on. These 
shocks can start at the clutch and go on through to the 
tire-road contact or flow backwards over this path when 
the vehicle is proceeding under its own momentum with 
the clutch engaged. A cushion in the driving line, such as 
the fluid flywheel or a truly flexible coupling will kill these 
peaks which reduce distortions and power losses. The 
hydraulic torque converter applies here; also the electric 
transmission were it not for its weight, cost, and loss in 
overall efficiency. 

The present speed-gap transmissions result in power 
losses through the lack of continuous torque. On a 
gradient, the driver loses momentum when shifting and a 
highly respectable powerplant cannot cope with such let 
downs. The ideal is naturally an infinitely variable speed 
transmission with continuous torque in order to reduce the 
shocks and momentary overloads and also to eliminate the 
speed gaps. We still have much to accomplish in aiding 
the engine in maintaining its proper composure. 

In combing around for losses here and there, why not 
lubricate all gears with jet lubrication, winter and summer? 
Engine tachometers are as useful as meters in a power 
house and, with better driver education, they will be 
banded for proper operating speeds under different con- 
ditions. Drivers already are used to the speedometer with 
tell-tale shifting instructions. On the tachometer there 
should be a red spot to indicate the speed at which crank- 
shaft torsional vibration occurs, with instructions to avoid 
it. It is an unfortunate condition when a truck is pulling 
hard, even on a level, that the vibration damper is “steal- 
ing” power at the front end instead of permitting it to 
continue back through the clutch. We need tachometers 
anyway for an engine-mile indicator. 
little in the life of some powerplants. 


Road miles count 


In large engines, the power requirement to drive the 
accessories is considerable. Consider the difference between 
gross and net horsepower in a 529 cu in. bus engine which 
grosses 158.5 hp at 2500 rpm. Complete with all acces- 
sories, less the exhaust system, this figure drops to 143.5 hp 
at 2400 rpm. Torque likewise drops from 412 lb-ft at 1150 
rpm to 387 lb-ft at 1000 rpm. The bmep, as a result, drops 
from 116 to 110 |b per sq in. There is room in a large 
equipment for a separate small powerplant to drive the 
accessories, especially if a supercharger is used. 

How can we keep our vehicles “young and handsome?” 
This concerns the engineer, for without his forethought 
the poor operator hardly can cope with the results. Our 
aim should be to build into the powerplant those things 
which enable it to continue to give dynamometer perform- 
ance months after it has left the factory 


years after if 
possible. 


Automatic devices have done wonders with 
passenger-car engines in taking many of the old-time con- 
trols away from the operator so he could not abuse them. 
We are conserving the original power of the engine by 
better finishing methods, the use of coatings for piston 
rings, tappets and other parts, such as Ferrox, Granoseal, 
and so on. Lubricating systems (sumps, dead-end oil 


Dr. Thomas G. 
Philadelphia, Pa., 
Retining Co. 


_'! Presented at the 1934 Summer Meeting of the Society, Saranac, 
N. Y., June 18, 1934. 


Delbridge, speaking at the Franklin Institute, 
during the 70th Birthday Meeting of the Atlantic 


September, 1940 
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m Fig. || — Sustained speeds on 4!/2% grade for various gross ve- 
hicle weights — Chevrolet with Clark booster versus 17 makes of 
trucks 


passageways) can be designed so that sludge, sediment, 
and harmful accumulations can be totally removed, instead 
of being preserved within. The boss for the drain plug in 
the bottom of the sump is sometimes turned upwardly for 
stamping convenience, and a large accumulation cannot be 
removed without dropping the whole lower half of the 
crankcase. Such old oil will harmfully contaminate the 
new. Searching about will find many other minor details 
which result in power deterioration. I have seen no 
“fatigue” figures for commercial vehicles but, based on the 
recent Florida Road Tests, Dr. Delbridge stated’® that, 
while 64-octane gasoline was practically knock-free in new 
passenger cars, after 10,000 miles of driving, the require- 
ment rose to 73 and, at 50,000 miles, it leveled out to 75. 
At 50,000 miles a carbon removal might cut the require- 
ment to 70 octane. Equally impressive figures, if available, 
would indicate old-age ailments that develop in truck en- 
gines. All parts of the chassis should be considered from 
this viewpoint, as well as the powerplant. Measures must 
be inaugurated to prevent early mortality as eagerly as our 
doctors try to combat the failings of the human machine as 
it ages. 


mw Decrease of Tare Weight 


In the quest for better ability, we could achieve this end 
easily and quickly by decreasing the payload. We face 
this as a possibility if results are not obtained in other 
ways. However, this would be repugnant to all of us. 
Surely our designing ability, research efforts, and ingenuity 
should be capable of reaping an award along the lines 
already discussed or in decreasing the weight of the chassis, 
cab, and body. In a paper on “Lightness in Truck De- 
sign, '! | discussed numerous expedients for reducing the 
weight of various individual truck parts, the percent of 
weight of component parts in relation to gross weight, the 
use of duralumin and aluminum alloys in body and chassis, 
COE design for better frame utilization, unit frame and 


(Concluded on page 366) 
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6 ghee on valve stems today are causing 
about 50% of the valve trouble in the automo- 
tive field, and slightly more than 50%, in the aircraft 
field, Mr. Colwell reveals. He contends that, al- 
though much work has been done on varnish and 
lacquer deposits, most of it has applied to pistons 
and rings, with valves receiving only passing in- 
terest. 


Valve deposits are divided into six classifications: 
those on the valve head; the hard, flint-like deposit 
from operation; varnish on the stem; deposits under 
the head and on the stem at the valve-head end of 
the guide formed by shuttle driving; deposits on in- 
take valves; and deposits on valve seats. 


The fact that any oil will oxidize or decompose at 
some temperature found along the valve stem 
makes a complete solution of the build-up problem 
most difficult, Mr. Colwell points out. It has been 
definitely proved, he continues, that oils with good 
oxidation resistance at high temperatures cause the 
least trouble. The design problem, therefore, is to 
attempt to get a valve-stem temperature at the 
top of the guide which will not cause oil decomposi- 
tion, or to meter the oil so that the deposit formed 
is not thick enough to cause trouble between over- 
hauls; or to remove the deposit in some way as it 
is formed. 


Comparing automotive and aircraft remedies, he 
brings out that the automotive status is more con- 
fusing because operating conditions vary far more. 
He then presents and discusses a number of air- 
craft and automotive remedies for preventing valve 
deposits. 


HIS short paper is presented to call attention to one 

phase of a problem that is causing considerable trouble, 
in the hope that those dealing with fuels and lubricants 
may give some constructive thought to it, and that engine 
designers generally may be conversant with some of the 
remedies which have been helpful. Much work has been 
done on varnish and lacquers, but much of this has applied 
to pistons and rings, with valves receiving only passing 
attention. It may be of interest to know that deposits on 
valve stems are today causing conservatively 50% of valve 
trouble in the automotive field, and slightly more in the 
aircraft field. Aircraft valve trouble is proportionately far 
less than automotive due to the engine and valve designs 
now in use but, of this trouble, the greater proportion is 
due to deposits. 

A fairly wide representative survey was made to collect 
current data for this paper, and the response has been 
gratifying and given with a desire to further SAE work. 
The problem is almost universal, varying only in degree, 


[This paper was presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs, West Va., June 11, 1940.) 
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The PROBLEM of 


by A.T. COLWELL 


Vice President, Thompson Products, Inc. 


and is found in the aircraft, diesel, truck, bus, and tractor 
helds. Some reports indicate, however, that present trouble 
is not serious, and that quite satisfactory operating condi 
tions have been evolved, usually by some one or more of 
the correctives mentioned later in the paper. 

Recent SAE Transactions have many helpful articles on 
the technique of varnish formation. It is sufficient to say 
that, at certain temperature ranges, thin layers of oil in 
contact with hot metal tend to oxidize and decompose, and 
deposit coke-like and resinous material, the deposit varying 
with the type of oil and operating conditions. It dirt, gum 
from the fuel, and lead particles become mixed with the 
varnish, a hard, cemented mass builds up which causes a 
great deal of valve trouble and, in some cases, is removed 
with difficulty by a wire brush. This deposit on the valve 
stem gradually wears the guide bell-mouthed, causing the 
valve to hold open and quickly burn. Gum from incom 
plete combustion most likely is deposited with low manifold 
heat, and oil which has suffered deterioration from use 
and oxidation is most likely to cause deposits. 

Analysis of the deposits is not particularly helpful, ap 
proximately the same analysis being obtained after a few 
hours or many hours of operation. With leaded fuel, lead 
in the form of the oxide, sulphate, bromide, and phosphate 
may be present, plus silica, iron oxide, volatile matter, 
insolubles, and dirt impurities. The real cause of the 
build-up is apparently traceable to fuel and oil, since the 
deposits often occur heavily in diesel motors, particularly 
when low-grade fuel is used. The fact that engines operat 
ing on butane are reported to be practically free from such 
deposits further indicates that fuel is an important factor. 

Valves seating properly operate for long periods without 
trouble, but troubles occur when the valve is unseated. 
Unseating may be due to block distortion or valve distor 
tion, or to some mechanical means such as improper tappet 
clearance, or being held open by the deposits which form 
on the stem. 

The diversity of opinions expressed and the steps taken 
to improve this build-up condition indicate again that 
motors have individual characteristics, and that no standard 
procedure works for all cases. For instance, in some cases, 
increased guide clearance helped; in others, the clearance 
was decreased; in some cases, more oil was fed to the stem, 
probably producing a washing effect; in others, less oil was 
used. Design which helped appreciably in one motor was 
of no help in another. But the nuisance has at various 
times visited almost everyone, and has been handled in 
various ways. 

The valve deposits fall into six classes: 

1. Those on the valve head. These deposits often 
analyze high in lead and dirt, and may cause detonation, 
preignition, or guttering (see Hives, reference in Bibliog 
raphy). Guttering is comparatively rare, and is not a 
chronic source of trouble. 
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ALVE-STEM and VALVE-HEAD Deposits 


2. Deposits under the head and on the stem at the valve- 
head end of the guide formed by shuttle driving. This 
is usually a comparatively soft sticky deposit, formed in 
the presence of water vapor and fuel gum, and causes 
sluggish valve action; sometimes the valves hold open from 
it. The deposit remains somewhat sticky because the 
motor is not worked hard enough to burn much of the 
deposit away. (Fig. 1.) 

3. The hard, flintlike deposit from operation, shown on 
aircraft valves, Figs. 2 and 3, and a bus valve, Fig. 4. 
Varnish is the basis of this trouble, aggravated by dust 
and lead particles. This deposit is often 1/16 in. thick 
or over, and is hard enough to bell-mouth the guide 
(Fig. 5) and cause the valve to hang open; this is the type 
which causes most of the field trouble. It is interesting 
to note that these valves are still in perfect condition, even 
though the guides had started to bell-mouth in each case. 
Additional deposit would have gradually unseated and 
burned the valves, but preventive maintenance forestalls 
trouble. 

4. Varnish on the stem, particularly toward the tip end 
(Fig. 6). Note that not even an Aerotype valve with 
stellite seat will last long when held off the seat. This 
type of deposit is nearer to that found on pistons and 
rings; it may also deposit on the guide, taking up the 
clearance and causing sluggish action and eventually hold 
ing open. If the deposit forms only on one side of the 
stem, it is quite apt to cause scoring on the clean side. 
Some of these deposits in aircraft motors are almost trans- 
parent. 


5. Deposits on intake valves. (Figs. 7 and 8, aircraft; 


m Fig. |—Deposits 
under the head and on 
the stem at the valve- 
head end of the guide 
on automotive valves 
formed by shuttle driv- 


ing 


September, 1940 


In aircraft and auto 
motive gasoline engines these deposits are usually present 
on the under side of the head and are caused by the deposi- 
tion of unsaturated hydrocarbons from the fuel. They 
are not troublesome unless they progress to the point shown 
in Fig. g when they restrict the passage and may hold 
the valve open. 


Fig. g, under side of automotive.) 


Fuel causing this type of deposit would 
probably also clog the fuel line and carburetor jet, from 
the gum. In rare cases deposits have held intake valves 
open, causing them to burn. 

Diesel intake valves often get a heavy deposit on the 
under side of the head. Inasmuch as no fuel passes the 
valve, this is definitely due to lubricating oil which seeps 
down the stem. It can be stopped by metering the oil 
supply to the stem. 

6. Deposits on valve seats. Deposits build up on valve 
seats, which cause no harm if they are of uniform thick 
ness. However, if they chip away in portions, blowby and 
burning result. Such deposits are never found on a rotat- 
ing valve. 

When leaded fuel is used, the color of the deposit is 
some check on the operating condition. Due to the many 
variations in field service, it is hazardous to definitely link 
color with operating conditions. Many dynamometer tests 
show that it is very difficult to reproduce the type of deposit 


found in the field. The following data are based upon 


many valve observations. 

Cool-running valves have a deposit which is dark, and is 
often found in shuttle driving, such as house-to-house de- 
Medium valve temperature has a deposit varying 
in color from grayish to light brown, chalky in consistency, 


livery. 














m Figs. 2, 3, 4— Hard flint-like deposit from operation on aircraft 
valves (Figs. 2 and 3) and bus valves (Fig. 4). They are caused 
by varnish aggravated by dust and lead particles 
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m Fig. 5 --''Bell-mouthing" of the valve guide caused by hard flint- 
like deposits 


m Fig. 6-This stellited “Aerotype" valve failed due to heavy var- 
nish deposit on the stem. Note the cracked stellite 
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and not fused. Yellowish color indicates lead oxide, and 
a somewhat higher temperature. Reddish-brown is the 
color of high-temperature operation, usually accompanied 
by fusing on the stem and head, Very black head deposits, 
particularly when flaky, indicate excessive temperature and 
probably detonation or preignition. There is usually mag- 
netic iron oxide present. This is always the condition in 
the vicinity of a burned area, even though other parts of 
the valve have a different color. Valves with one portion 
of the seat burned have produced perplexing conditions on 
the stem, probably depending upon the temperature pro- 
duced. In some cases there has been little build-up on 
the stem, but indication that it had been present. In this 
case the temperature probably rose high enough to crack, 
burn, and disintegrate the deposit. In some instances the 
build-up seems to have been accelerated, and probably a 
critical temperature obtained for that condition. 

A complete solution of the build-up problem is most 
difficult, due to the fact that any oil will oxidize or decom- 
pose at some temperature found along the valve stem. 
(Fig. 10, temperature chart.) Oils with good oxidation 
resistance at high temperature cause the least trouble — this 
has been definitely proved. The following chart indicates 
that the deposit is maximum for a given temperature for a 
given oil, and this is some clue in attempting to control 
temperature at the top of the guide. 


Temperature, F Residue, mg 


527 O 
572 220 
617 1590 
662 2020 
707 1900 
752 1300 


The design problem, therefore, is to attempt to get a 
valve-stem temperature at the top of the guide which will 
not cause oil decomposition; or to meter the oil so that the 
deposit formed is not thick enough to cause trouble 
between overhauls; or to remove the deposit in some way 
as it is formed. 


= Aircraft Remedies 


The following remedies have been used in aircraft 
engines: 

Naturally the quality of both gasoline and oil is con- 
trolled better than in the automotive field, and extensive 
test work has been done on this problem. The proper 
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= Fig. !0-Variation of exhaust-valve guide temperatures with 
horsepower output 
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= Figs. 7, 8 and 9- Deposits on under side of the head of intake 
valves (Figs. 7 and 8, aircraft intake valves; Fig. 9, automotive in- 
take valve) 


metering of oil to the valve stem, with good circulation 
of oil in the rocker box, definitely reduces the deposit. 
Stuggish oil in the rocker box, plus acid and water vapor, 
aggravate varnish formation. Indications are that the 
worst build-up occurs with lean-mixture operation. In- 
creased boss cooling at the valve-head end of the guide is 
effective — aircraft exhaust guides are cut flush with the 
boss, which is good design. In some cases increasing the 
oi! supply has been effective, as the condition was par- 
ticularly bad with scanty oil supply. Too much oil also 
causes trouble, hence the aircraft procedure of metering the 
oil. In commercial operation these deposits seem to be 
worse in hot weather. 
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m Fig. i! - Example of valves from aircraft engine where valve- 
stem lubrication is not forced 


When valve-stem lubrication is not forced, it is neces 
sary to maintain close clearance in the guide and use a 
lubricant which is highly resistant to oxidation (Fig. 11). 
Inasmuch as the lubricant does not circulate, it is subject 
to long-time temperature exposure plus moisture condensa- 
tion, and must be of excellent quality. 

It is possible that withdrawing the valve-head end of the 
guide into the boss somewhat might be effective — it was 
in one automotive engine. (See Fig. 12.) A sharp scrap 
ing edge on the valve-head end of the guide might be ot 
some help, but this should be other than bronze, as the 
deposit formed is often very hard. If the oil supply could 
be stopped near the end of the guide, the condition would 
be helped greatly; this is a difficult problem. 

Preventive maintenance at present consists in changing 
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m Fig. 12-—Example of valve 

system design in which the 

valve-head end of the guide is 
withdrawn into the boss 


m Fig. 13 — Putting a relief on 
the valve stem of about 0.020 
in., as shown, is one of the rem- 
edies suggested to prevent the 
formation of deposits 
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guides when the end is bell-mouthed in excess of 0.005 in., 
and cleaning the build-up from the valve at overhaul. 

The problem of varnish on the stem near the tip end is 
a combination of temperature, type of oil, and oil fow. In 
creased cooling is beneficial, and increased oil flow likewise 
should help. Close guide clearance is an aid to heat trans 
fer, and good heat transfer decreases the deposit. If the 
deposit persists in forming, the only solution is to remov< 
it at intervals from the valve stem and guide before stick 
ing occurs. 

With sodium-cooled valves, large valve stems with larg< 
guide contact area, particularly with well-cooled guides, 
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Fig. 14 (left) Buick 
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diminish this type of deposit. In applying sodium-cooled 
valves to truck engines, it has been found that guide cool 
ing usually must be increased. Stems varnish badly with 
insufficient guide cooling. 


a Automotive Remedies 


The automotive status is somewhat more confusing than 
that of aircraft, probably because operating conditions vary 
far more. Shuttle driving causes the greatest trouble in 
some cases, whereas it is hard operation in others. Lean 
mixtures predominate in causing trouble; yet two very 
positive instances indicate rich mixture. Too much oil 
causes the trouble in most cases; in some it is traced entirely 
to fuel. Drying up the exhaust valve leads to scuffing and 
rapid wear, in one case leading to a study of materials 
which might operate satisfactorily with very little lubrica 
tion. 

Gum deposits from fuel are apparently worse with rich 
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mixtures, and this is particularly noticeable on intake 
valves. W. A. Gruse is of the opinion that, with low 
manifold heat, much of the gum is carried into the engine, 
aggravating deposits. As opposed to the gum deposition, 
the worst varnish build-up is encountered with lean-mixture 
and heavy-duty operation, causing the hard fused deposits 
on exhaust-valve stems. 

We therefore wish to present some of the measures used 
to reduce valve sticking, bearing in mind that no one 
design has worked in all cases: 

1. Putting a relief on the valve stem of about 0.020 1n., 
as shown in Fig. 13, acts as a scraping edge and helps to 
prevent the deposit forming. This is probably due to the 
tact that these deposits are chipped away more easily when 
they are thick; therefore, when the deposit is built up from 
the small diameter of the relief, it is broken away more 
easily by the top of the guide and defers sticking. The 
sharp shoulder, however, may cause valve breakage. In 
some cases the guide is counterbored but, in general, this 
is not considered as effective. 

2. Cutting the guide off flush with the boss, or near 
the boss, is one of the most effective ways of preventing 
build-up. when used with a 
sweeping port design with well cooled guide, as shown 


in Fig. 14 (Buick) and Fig. 


This is particularly true 


15 (Hercules). 

3. Close guide clearance helps to keep the deposit down. 
The guide clearance which can be used in any particular 
motor can be found only by test. Fig. 16 shows a two 
diameter valve stem, chrome plated in the lower portion 
and guide clearance 0.0005 in.; with 0.005 to 0.008 in. 
guide clearance for the upper portion. This design was 
effective in one motor in preventing build-up. 

4. The slotted guide worked well in Studebaker motors, 
but has not been successtul in some other tests. It is 
shown in Fig. 17. 

5. Pontiac taper-reams the guide, with a taper of 0.0005 
in. per in. This has been very effective in its engine, 
but has not been successful 1n some other tests. 


6. The amount of oil fed to valve stems is important. 
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m Fig. 16— Two-diameter valve stems, chrome plated in the tip por- 
tion with 0.0005 in. guide clearance, and with 0.005 to 0.008 in. 
clearance in the portion adjoining the head 
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m Fig. 17-The slot- 

ted guide shown has 

been a successful 

remedy in some en- 

gines and unsuccess- 
ful in others 














m Fig. 18 — Example of self-metering device to 
feed the proper amount of oil to the valve stems 


Too little oil will result in scuffing, while too much oil 
aggravates the deposit. The amount of oil should be 
metered for the particular engine, and aircraft practice is 
already in the literature. (See author’s paper, “Modern 
Aircraft Valves,’ reference in Bibliography.) Cooper- 
Bessemer has done this in a slightly different way, and we 
show their print in Fig. 18, with a self-metering device 
to feed the proper amount of oil to the valve stems, deter- 
mined by tests; it also shows the Alemite nipple through 
which intermittent pressure lubrication is given to the 
stems in some cases, this consisting of 50% grease and 
50% tallow. This system is effective on their large engines 
i preventing the formation of deposit on valve stems, par 
ticularly that coming from the fuel. Note the scraping 
edge of the guide. Chrome-plated stems are used to resist 
scuffing. 

7. Fig. 12 shows a design used by S. D. Heron and 
RK. Jardine to prevent formation of deposit on the valve 
stem. The guide was drawn well back within the boss. 
This design was used successfully on one truck engine. 

8. Valves which rotate definitely reduce valve sticking. 
This has been effectively proved in a number of tests. The 
turning action of the valve as it seats apparently allows 
the guide to keep the stem clean, and the valve is much 
less likely to hang open. Fig. 19 shows the device which 
causes rotation. The valve should turn slowly, but should 
not spin at high speed, as this will cause very bad wear of 
both the valves and the block seat. The turning motion 
also keeps the valve seat clean. Fig. 20 shows two valves, 
one which rotated (right) and one which did not (left). 
Fig. 21 shows the tips of valves which did not rotate. 

g. Increased spring pressure is effective in helping to 
shear the deposit as it forms, providing other troubles are 
not caused. 

10. Increased guide cooling, as shown in Fig. 15, with 
guide cut flush with the boss and the boss carried high, 
is excellent design in preventing build-up and_ valve 
sticking. 











m Fig. 19-: Device which causes valve rotation 


m Fig. 20-Two valves tested in same engine-The valve at the 
right rotated and the valve at the left did not 


m Fig. 21 —Tips of valves which did not rotate 


11. Fig. 22 shows a Chrysler intake valve with relief 
near the tip which is effective in preventing too much oil 
passing up the valve stem. 

12. Solvents have been used to flush valve stems. The 
best solvent is apparently one which dissolves the binder 
in the deposit. Those mentioned were Lubrizol, S V 
Upperlute, alcohol, kerosene and gasoline. 

Keep guide clearance near that recommended at the 
factory, particularly replacing guides which are_bell- 
mouthed. In close-clearance work, guides with surface 
treatment have been definitely beneficial in preventing 
scuffing. 

If sufficient guide cooling is provided, sodium-cooled 
valves give longer life, better operating conditions, and 
longer resist any tendency to burn. They are particularly 
effective in preventing detonation which aggravates the 
build-up condition. Manifolds which reflect heat back to 
the valve and port aggravate the build-up condition, as 
de exhaust systems with high back pressure. 

In our test work many of the foregoing remedies have 
been tried. The dual-diameter stem with chrome plating, 
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the turning valve, and high boss with good cooling were 
particularly effective. The deposits formed were strikingly 
different in quantity going through the range of very poor 
oil and fuel to good oil and fuel. The most effective way 
of forming the deposit is by continual starting and stop- 
ping — it is difficult on the dynamometer to duplicate very 
bad field deposits by steady running. Figs. 23 and 24 
show a good comparison of constant versus intermittent 
load, Fig. 23 showing the valves run in an engine with 
constant load, and Fig. 24, the valves from a_ similar 
engine run at intermittent load. Some contributors observe 
that deposits are worst in old and worn equipment, pass 
ing excessive oil. These motors are offenders, but the 
deposits are not confined to them only. 


= Conclusion 


We believe that insufficient research work has been 
done.on this specific problem by those dealing with fuels 
and lubricants, and that it merits more study. 


Supplement A 


Mr. William Duvall, Manager of Maintenance for Grey 
hound Management Co., has the following interesting 
points to add regarding deposit on valves: 

The quality of oil and fuel have much to do with the 
formation of these deposits. Troubles have been greatly 
cleared up in some sections by changing oil and fuel. 
Sludging conditions are particularly acute in the fall and 
spring of the year. Cold snaps are encountered without 
shutters on the engine and, due to the condensation of 
moisture, sludge formation, valve sticking and ring stick 
ing become acute. Thus the temperature of operation is 
one of the features in controlling deposits on valves. 

Keeping oil filters clean also definitely reduces deposits 
on valves. With the cartridge type of filter, the filter is 
cleaned thoroughly at 3750 miles, and the oil changed at 
7500 miles. With those having a pack element, the pack 
is changed at 7500 miles and the oil changed at 15,000 
miles. With those having a stone element, the element 
is changed at 7500 miles, and the oil changed at 22,500 
miles. With properly functioning filters, the deposits on 
valves are reduced materially. 

When sludging conditions are encountered in the fall 
and spring, a cleansing agent is used in the crankcase and 
the motor is run in the garage for about 30 min to remove 
sludge from the motor. An additive also may be used in 
the oil to prevent the sludging condition. 

Mr. Duvall is operating buses over 100,000 miles with 
out any road breakdowns. 


This is due to careful pre 
ventive maintenance. 


He reports having had some intake 
valves with deposit so heavy on the under side of the head 
that there was practically no passage for gas. He attributes 
this condition almost entirely to the type of fuel used. 
Sodium-cooled valves have been tried in some of his 
operations. These have stellite seats. It is his 
opinion that they are the cheapest valve that can be used 
on a cost-per-mile basis. Some hollow-head, sodium-cooled 
valves have performed so far well over 200,000 miles and 
are still in excellent condition. 


valves 


Some valves with cooled 
stem only have operated in the neighborhood of 200,000 
miles and are still in service. The hollow-head valve, which 
is a copy of the type being used in aircraft, is performing 
longer than any valve which he has tried. With sodium 
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ance slightly. He has also tried some hardened nitrided 
guides and advises that these operate best with slight 
additional clearances. 

Mr. Duvall corroborates the points, from his voluminous 
operations, that crankcase cleanliness, preventive main- 
tenance, removing bell-mouthed guides, and attention to 
the quality of oil and fuel used do much to reduce deposits 
on valves. 


Supplement B 
In a number of cases of valve sticking in the field, 
graphited guides were installed and these guides cut flush 


with the boss. Reports indicate that the graphited guides 
have decreased valve-sticking troubles. 


a Fig. 22-Intake 
valve with relief near 
the tip 














m Fig. 23 -— Intake and exhaust valves run in an engine at constant 
load 
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Appendix 


The following analyses were made from two aircraft 
engines in a study of valve deposits. In each case the 
deposit was scraped from the valve stems: 


Engine No. 1 
Intake Exhaust 
Mineral oil 
(soluble 86 naphtha) 
Asphaltic matter 0. 
(soluble chloroform) 


or 
/€ a 


7-9 


“NI 


Carbon and carbonaceous matter.. 64.6 2.7% 

Lead as PbO 21.9 77.1 

Phosphates as P.O, 0.8 3.6 

Acid insoluble inorganic matter 3.6 5.8 

Halides as bromine 6.0 3.5 

I ngine No. 2 

Mineral oil 7.7% 7.5% 
(soluble 86 naphtha) 

Asphaltic matter 0.3 0.2 
(soluble chloroform) 

Carbon and carbonaceous matter 66.8 0.9 

Lead as PbO 18.8 71.6 

Phosphates as P.O, 0.7 4.7 

Acid insoluble inorganic matter 4.2 1.6 

Halides as bromine 4.4 3.6 
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More Power per Unit Gross Weight 
(Concluded from page 357) 


body possibilities, the lightening of engines and transmis 
sions, lighter unsprung axles, individual wheel suspension 
as a weight saving measure, and so on. I still subscribe to 
these expedients, as well as to many others which seem 
plausible. 

Increased powerplant weight brings about a_ vicious 
cycle requiring a heavier frame, front axle, springs, tires, 
and steering gear. The early installation of diesels in place 
of the original gasoline engine quickly proved this con 
dition. Weight-saving measures elsewhere in the chassis 
and body would permit a reduction in the required maxi 
mum engine output. Again a vicious cycle occurs when 
relatively higher torque output calls for increased capacity 
in the clutch, transmission, propeller shaft, and the driving 
axle. Thus the elimination of every bit of weight possible 
becomes a basic aim. 

Due to the cushioning effect of the fluid flywheel or 

other effective flexible connection, a reduction in the weight 
of parts in the transmission line becomes feasible. Suspen 
sion springs can be reduced in weight, whether of the 
stereotyped form or otherwise. A variable-rate leaf spring 
which automatically reduces its length as the load increases 
provides a much lighter construction. We might revise our 
original conception of the six-wheeler to help us if we 
benefit by our experiences thus far and furthermore pro 
vide a differential construction that will really permit each 
axle to take an equal share of the work and resort to means 
for decreasing unsprung weight. 
In closing I trust that the discussion of the three avenues 
approach that I have outlined (increased power, con 
servation of power, and decrease of tare weight), and 
which can be used individually or preferably collectively, 
will stimulate further thought in these directions. I believe 
in starting all over from “scratch,” taking into review all 
phases and parts that enter into the operation and construc 
tion of our vehicles. Apart from what already has been 
covered, a more thorough investigation of truck application 
for particular uses and conditions, with the possible devel- 
opment of certain automatic inherent safety devices that 
would prevent destructive abuses, would permit weight 
reduction by better adapting a particular model of lighter 
weight to the job than otherwise would be possible. 
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Design and 
Shop Problems in 








| be chief reason for using higher pressures in 
hydraulic systems is the resultant weight saving. 
The design problem is simply one of more careful 
and thorough design, except for the pumps, which 
present a problem all their own. High-pressure sys- 
tems, when properly designed, present no serious 
shop problems; in fact, they have some advantages 
from the shop standpoint. 








High-Pressure Hydraulic Systems 


by HAROLD W. ADAMS 


Hydraulics Engineer, Douglas Aircraft Co., Inc. 


DISCUSSION of design and shop problems in high- 

pressure hydraulic systems would have little point 
unless prefaced by an explanation of the reasons for using 
high-pressure hydraulic systems. Of course, high pressure 
is a relative term. Since most airplane hydraulic systems 
operate at pressures between 500 and r1ooo lb per sq in., 
high-pressure systems can be defined as those operating at 
pressures considerably above 1000 |b per sq in., say from 
2000 lb per sq in. pressure on up. 

The major improvements that can be made in air- 
planes are in performance, reliability, and reduction in 
cost. To find out whether any advantages result from 
raising the pressure in the airplane’s hydraulic system, it 
is necessary to determine the effect of such pressure change 
on performance, reliability, and cost. 

Since it appears unlikely that raising the pressure in the 
hydraulic system will have any effect on airplane drag or 
power available, our performance gain will have to come 
from weight reduction. Of course, any weight saving must 
be accomplished at no sacrifice in reliability. In order to 
determine the possible weight saving resulting from the 
use of higher pressures, the curves shown on Figs. 1 and 2 
have been constructed. In Fig. 1 the weight of line plus 
oil is plotted against pressure for the transmission of 10 hp 
for 10 ft at go% efficiency using 52S-O aluminum, and 
18-8 stainless-steel tubing, stressed to one-sixth of the ulti- 
mate strength of each. 

The reason for the decrease in weight with increase in 
pressure, at least in the normal range of pressures, lies in 
the fact that the amount of oil flowing for the same horse- 
power varies inversely as the pressure, and that the avail- 
able line loss for the same efficiency varies directly with 
the pressure, both of which result in reduction in line size 
with increase in pressure. 

It is interesting to note that there is a point, at about 
1800 lb per sq in. for 52S-O, and 4000 lb per sq in. for 
18-8, at which the weight of line and oil to transmit 10 hp 
under the above conditions is at a minimum. From these 
and similar curves drawn for other horsepowers, lengths 


[This paper was presented at the National Aircraft Production 
Meeting of the Society, Los Angeles, Calif., Oct. 5, 1939.] 
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and efficiencies, it appears that this minimum point is 
shifted toward the higher pressures for materials having a 
higher strength-weight ratio, and toward the lower pres- 
sures for materials having a lower strength-weight ratio, 
but is unaffected by horsepower, length of line, or trans 
mission efficiency. The increase in weight above a certain 
pressure tor each material results from the fact that, above 
a certain D/t, the required tubing wall thickness increases 
faster with increase in pressure than can be compensated 
for by the constantly decreasing inside diameter. From 
the formula for the stress in tubing under pressure it can 
be seen that the wall thickness becomes infinite at an 
hydraulic pressure equal to the allowable material stress. 

In Fig. 2, the weight of a steel cylinder, stressed to 1/3 
of its ultimate strength, designed to develop 50,000 in.-lb 
work, is plotted against pressure. Like the weight of lines, 
the weight of cylinders also decreases with increase in 
pressure due to the smaller size required to do the same 
work at high pressures and the consequent reduction in 
weight of oil. A further weight saving results from the 
fact that, for the same material and stress, the D/t ratio 
increases as the pressure decreases, resulting in large thin- 
walled cylinders in low-pressure systems. As it is imprac- 
tical to machine cylinders having excessively thin walls 
in relation to their diameters, below certain pressures, 
excess material must be left on cylinders simply because 
of the impracticability of machining it off. Assuming a 
maximum D/t of 42 for production machining without 
increased costs and a maximum D/t of 64 for machining 
without regard to cost, the corresponding pressures above 
which no extra weight penalty need be paid for machin- 
ability are rg80 and 1300 |b per sq in. respectively. 

Since the same margin of safety has been assumed for 
low-pressure and high-pressure systems, the reliability 
should be equal for both systems. It is in the maintenance 
of a reliability equal to or better than that now prevail- 
ing in low-pressure systems that most of the design and 
shop problems arise. It can be seen from inspecting Figs. 
1 and 2 that there is little to be gained by going above 
3000 Ib per sq in., with material stressed as high as past 
experience shows is advisable. It may be that, in the 
future, our factor of safety can be reduced as we learn 
more about hydraulic systems, thus making pressures above 
3000 lb per sq in. advantageous, as this factor at present 
is partly a factor of ignorance. In the present state of the 
art a factor of safety of 6 on lines, both solid and flexible, 
and a factor of safety of 3 on operating units, based on the 
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m Fig. | — Weight of 10 ft of 52S-O and stainless-steel tubing and 
oil to transmit 10 hp at 90% efficiency and a stress of one-sixth the 
ultimate 


ultimate strength of the material and the normal operating 
pressure, are necessary for reliability. Thus, by working 
backward from the ultimate strength of the material avail- 
able and the required factor of safety, the operating pres- 
sure may be obtained. 

Flexible hose is available which has an yg burst- 
ing strength of about 18,000 lb per sq 1 Dividing by 
the required factor of safety of 6, we arrive at a maximum 
operating pressure of 3000 lb per sq in. This hose con- 
sists of an inner neoprene tube outside of which are two 
layers of steel wire braid which, in turn, are protected 
by an outer neoprene cover. On lower pressure systems 
a hose is used which is of the same construction as this 
high-pressure hose except that cotton braid is substituted 
for wire. We have had just as satisfactory service from 
the wire braid hose operating at 3000 lb per sq in. as from 
cotton-braid hose operating at 800 |b per sq in. 

The problem of solid lines resolves itself into one of 
choosing higher strength materials as the pressure is in- 
creased in order to keep in the available range of wall 
thicknesses. From Fig. 3, in which the weight of tubing 
materials in the available D/t ratios is plotted against pres- 
sure, it can be seen that, for lower-pressure systems, a light 
metal tubing should be used as the wall thickness is 
heavier than in a higher-strength higher-density material, 
in which the wall thickness becomes too thin to be prac- 
tical; while, in high-pressure systems, the higher-strength 
high-density material must be used because the wall thick- 
ness of the low-strength tubing becomes so great that its 
weight becomes prohibitive. 

We have made studies of the wrench torque required 
to seal fittings of the commonly used AC811 type against 
pressure with various tube materials and various fitting 
materials. We find that we have fully as good a margin 
of safety using nickel-steel fittings for 3000 lb per sq in. 
as when using aluminum alloy or brass fittings for 800 
lb per sq in. In addition, the mechanic is not so liable 
to damage the nickel-steel fittings. 

The packings which have been commonly used in 
hydraulic systems are of two types, V ring and cup type. 
The V packings ordinarily are installed in groups of two 
te four rings and compressed by means of a packing nut, 
while the cup packings are installed singly and depend 
on the flare molded into the cup for sealing at low pres- 
sures. Both packings depend on an expansion of the seal- 








m Fig. 2-— Weight of cylinder to develop 50,000 ft-lb at a stress 
of 41,700 Ib per sq in. (1/3 x 125,000) 


ing edges with pressure to seal at high pressures. In 
_— the V packings for 3000 lb per sq in., it is necessary 

prevent the cups from collapsing into one another by 
filling the groove, which is molded into the packing to 
obtain flexibility of the sealing edges, with a ring of non- 
metallic material or by using a metal V-ring between each 
packing ring. With either type of packing the clearances 
through which the packing tends to be forced by pressure 
must be smaller for higher’ pressures. 

Experience indicates that, for the same packing life, 
clearance at 3000 |b per sq in. must be about half of the 
clearance allowable at 800 lb per sq in. The same is true 
of gaskets — that is, the clearances through which non- 
metallic gaskets tends to be forced by pressures should be 
smaller for high pressure than for low pressure installa- 
tions, again in the ratio of 2:1. 

In the design of units such as cylinders, pumps, and 
valves, for high-pressure systems, in addition to using the 
higher-pressure standard units which have just been de- 
scribed, certain design precautions must be observed be 
cause of the fact that low-pressure systems are, in most 
cases, in the region of minimum machinability. Parts for 
such systems are often designed without an accurate anal- 
ysis of stresses. Since high-pressure systems, in most cases, 
require heavier material than is required by limits of ma- 
chining, casting, and so forth, it is necessary to make a 
careful analysis of all stressed parts to insure that the 
required margin of safety is maintained throughout the 
design. In this connection several points often are over- 
looked. One of these is the threaded end connections be- 
tween cylinder barrels and cylinder heads. These connec- 
tions usually are designed on the basis of shearing strength 
of the threads, but tests or a few simple calculations will 
show that these parts do not usually fail through shearing 
of the threads but rather through expansion of the outer 
member or contraction of the inner member. Very often 
such parts after failure show no evidence of damage to 
the threads, but can be screwed together again immediately. 

Another design problem often overlooked is the col 
lapsing of tubes subject to external pressure, such as piston 
rods. This can be critical on cylinders having relatively 
large-diameter piston rods. In small-diameter, heavy-wall 
piston tubes, the same formula can be used as for the 
external cylinder but, in large-diameter relatively thin-wall 
piston tubes, elastic stability becomes critical and a formula 
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involving elasticity must be used. 

Flat cylinder heads should be analyzed carefully where 
they are subject to high pressure as the necessary D/t ratio 
for high-pressure work is often lower than that which a 
designer would ordinarily use. 

The main pressure pumps, which usually are driven 
from the airplane’s engines, present probably the biggest 
problem facing designers of high-pressure hydraulic systems. 

There are several possible solutions to the pump prob- 
lem, but to date none of them has been sufficiently service- 
tested to guarantee that its reliability is as good as that of 
the gear pump in common use in low-pressure systems. 

One solution is to make a single-stage, high-pressure 
pump. Because of the high internal leakage of gear pumps 

high pressure, this must be a piston pump, with the 
consequent troubles due to reciprocating parts. 

Another solution is the use of a multistage gear pump, 
in which the pressure pumped by each stage is within the 
range of present gear-pump practice. The outside case of 
the last stage must be sufficiently strong to hold the full 
pressure without undue deflection but, aside from this 
handicap, such a pump would weigh no more than a low- 
pressure pump of the same horsepower. 

Sull another solution, possible only for multi-engined 
airplanes, is the use of a multistage pump having one stage 
on each engine. To take care of possible differences in 
rpm between engines, it might be necessary to have a 
regulating system between stages, and the reliability would 
be low unless four pumps were used, any two of which 
were capable of pumping the full pressure. 

The final solution, but one which will require consider- 
able development to perfect, will probably take the form 
of a variable-displacement piston pump such as is now 
available in Europe. Such pumps eliminate the need for 
any sort of regulating system as their discharge is reduced 
automatically to zero as the desired pressure is reached. 

In the design of valves for high-pressure systems, it has 
not proved practical to use valves which depend on sliding 
metal-to-metal contact. If such a valve is balanced, the 
leakage is excessive while, if it is unbalanced, the bearing 
pressures are so high that they cause galling and excessive 
handle load. The valve which has proved the best in 
high-pressure service and which seems to be unlimited as 
to the pressure at which it can operate, is the poppet valve. 
The handle loads on poppet valves can be calculated easily 
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= Fig. 3- Weight of 10 ft of tubing and oil to transmit 10 hp at 
90%, efficiency and a stress of one-sixth the ultimate, using tubing 
in the range of available D/t (including fittings spaced at 40 in.} 
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and, since the stresses at the sealing surfaces are static 
bearing stresses only, they can be run quite high while 
retaining a high degree of reliability and having a long 
service life. So far we have concerned ourselves only with 
design problems. High-pressure hydraulic systems, when 
properly designed, present no serious shop problems. 

The heavier wall thicknesses and more rigid parts neces- 
sitated by the use of high pressures tend to make machin- 
ing easier, while the closer tolerances required tend to 
make machining more difficult. Since it is easier to hold 
close tolerances on heavy rigid parts, the machining cost 
actually remains practically unchanged. 

While there has not as yet been sufficient service time 
tc produce evidence to support such a contention, it seems 
probable that the finish on the surfaces over which pack- 
ings slide under pressure would need to be better for 
packing sliding under high pressure than for packing slid- 
ing under low pressure for the same service life. Since it 
is easier to put a good surface finish on a heavy rigid part 
than on a light flimsy part, the better finish required on 
parts for high-pressure systems can be obtained with little 
it any increase in machining cost. 

The assembly time is no greater for units such as cyl- 
inders, valves, and so on, used in high-pressure systems 
than for those used in low-pressure systems, and the per- 
centage of rejections from stripped threads and damaged 
parts should be lower, as the strength of the parts relative 
to their size has been increased. In fact, we have found it 
necessary to put a required wrench torque for assembly on 
some threaded joints for high pressure systems in order 
to insure that the mechanics tightened the parts sufficiently. 

The installation in the airplane is simpler as the lines 
and units are smaller. When proper factors of safety are 
used in the design, it has proved no more difficult to seal 
the high-pressure joints against leakage than to seal joints 
operating at conventional pressures. 

Complete testing of new designs preferably including a 
lite test simulating service conditions, is required on units 
for both low and high-pressure systems. Such tests are par- 
ticularly necessary on units for high-pressure systems as there 
is more chance for error in the design both because mini- 
mum practical sections are not usually adequate and be- 
cause designers are more likely to make mistakes when 
working in unconventional proportions. 

Production testing need present no more of a problem 
in high than in low-pressure work, except that the test 
equipment itself must have adequate factors of safety. 

The danger to personnel should not be increased ap 
preciably by increased pressure if the same factors of 
safety are used throughout the design and in the testing. 
Danger to the personnel comes from flying metal parts 
rather than from oil leaks. Since for the same airplane, 
the total stored energy in the accumulator should be the 
same regardless of the system pressure, the “muzzle 
energy” of the flying parts should be the same; however, 
the smaller parts from the high-pressure system will be 
traveling faster than the parts from a lower-pressure system. 

More problems, both design and shop, undoubtedly will 
arise as high-pressure hydraulic systems increase. 

The problems which have arisen so far have been, in 
some cases, troublesome but, in no case, insurmountable, 
while the advantages gained from the use of high-pressure 
systems far outweigh the cost of developing such systems. 

This is particularly true since these problems are almost 
entirély design problems which, once solved remain solved, 
rather than shop problems, which are always with us. 
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Radial Air-Cooled Engine Cowling 


(as Determined from Pressure Distribution Tests) 


byR.R.HIGGINBOTHAM 


Power Plant Installation Engineer, 
Republic Aviation Corp. 


OR several years, the development of low-drag cowling 

for radial air-cooled aircraft engines has progressed 
rapidly. Constant research and experimentation have solved 
many of the drag and cooling problems involved, and 
much has been written concerning these phases of the 
subject. Very little attention, however, has been given to 
the strength requirements. 

The structural design of an engine cowl which, for the 
purpose of this paper, is defined as the outer shell or hood 
through which the cooling air flows, is a matter of con- 
siderable importance. The failure of the cowl or its sup- 
ports not only may result in the loss of the cowl, which is 
a relatively expensive unit, but the propeller and engine 
may be damaged badly and the cowl parts may be blown 
so violently against the wings or tail surfaces as to damage 
them beyond the possibility of a safe landing, particularly 
if the surfaces are fabric covered. 

In spite of the importance of the structural integrity of 
engine cowling, the problem only recently has begun to 
give the airplane designer much concern. At the advent of 
the NACA type of cowling, airplane speeds in general 
were lower than at present, hence the aerodynamic forces 
on the cowling were lower. Cowls were designed largely 
for sufficient ruggedness to withstand vibration and han- 
dling, on or off the airplane. Vibration failures could 
usually be detected in time to avoid complete failure, and 
experience soon indicated the necessity for some longi- 
tudinal restraint. For some time it was assumed that if a 
cowl was strong enough to stand up under vibration and 
handling, the air loads could be ignored. Continued im- 
provement in airplane speeds and the increased severity 
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of tactical maneuvers, however, have increased greatly the 
aerodynamic forces. The need for data from which to 
calculate the air loads on engine cowling, therefore, has 
become increasingly imperative, especially for certain mili 
tary types which are required to execute terminal velocity 
dives. 

Surface pressure distribution measurements are at pres 
ent the principal source of information concerning the aero 
dynamic forces on engine cowling. This is likely to be 
the case for some time because, as will be shown later, 
the forces on the cowl become rather complex under 
unsymmetrical flow conditions with the propeller operat 
ing. All the forces acting on the cowl may be calculated 
from a complete set of pressure distribution curves, except 
the tangential forces due to skin friction, and since these 
forces oppose the net forward force or negative drag, it is 
structurally conservative to neglect them. A complete set 
of curves requires measurements under a large number of 
conditions, however, in order to determine the worst flight 
condition and the loads imposed thereby. To date, so far 
as is known, no complete set of curves for any one cowl 
design has ever been published. 

It is the purpose of this paper to discuss some of the 
factors influencing engine cowl surface pressures, to present 
and analyze the results of pressure tests on one cow! model 
in the wind tunnel and on three representative cow! designs 
in flight, and to suggest methods of applying pressure dis- 
tribution data to the stress analysis of other cowls. Un 
fortunately, the available data are by no means complete, 
and several important questions raised by a preliminary 
study of the problem must be answered by future experi 
ments. An attempt will be made, however, to correlate 
existing data and offer approximate design methods which 
will serve until the subject can be investigated further. 

The flight test data presented herein are taken from test 
reports of the United Aircraft Corp. For several years, 
while the Chance Vought Division was located in East 
Hartford, the Chance Vought and Pratt & Whitney Divi 
sions engaged in coordinated research on the subject of 
cowling and cooling. The results of this research have 
been discussed in two previous papers presented to the 
Society. The first paper’ traced the development of pres 
sure-type baffles, summarized the results of a large number 
ot wind tunnel tests on various cowl shapes, and presented 
wind tunnel and flight test data on the performance of 
cowls with flaps on the trailing edge. The second paper” 
reported additional wind-tunnel tests on various cowl modi- 
fications, including a new type of cowl with flaps at the 
firewall but without inner cowling; described flight tests 
ot the new cowling; and discussed the structural design of 
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flaps in the light of flight-test pressure-distribution data. 

The latter paper presented curves showing the pressure 
distribution over a firewall flapped cowl for three flap set 
tings. These curves are repeated in the present paper in 
connection with other pressure-distribution data for the 
same cowl, which was designed for a 3:2 geared R-1535 
Twin Wasp Jr. engine. Flight-test pressure distribution- 
curves also are given for conventional non-flapped cowls 
tested on Wasp and Hornet engines. 

The wind-tunnel data included in this paper were fur- 
nished by the Douglas Aircraft Co. The pressure-distribu- 
tion measurements were part of an extensive wind-tunnel 
investigation conducted for Douglas by the Guggenheim 
Aeronautical Laboratory, California Institute of Technol- 
ogy, during the development of the Douglas transports. 
The results include pressure-distribution curves for the 
inner and outer surfaces of the engine cowl of a Douglas 
DC-1 model at several angles of attack. 

Some later information on engine cowl surtace pressure 
has been made available by the publication of an NACA 
Report* describing a comprehensive series of full-scale 
wind-tunnel tests on various cowl modifications. This 
report establishes certain fundamental relations between 
the factors influencing drag, cooling airflow, and cowl 
eficiency. It presents extensive test results, including the 
pressure-distribution curves for several full-scale Wasp en- 
gine cowls with and without propeller. 

The results of this NACA investigation are amplified 
further in later papers by Wood* and Theodorsen’. Since 
these references are readily available, the pressure curves 
are not reproduced in the present paper. The references 
are drawn upon, however, in the theoretical discussion, and 
the pressure curves of Reference 3 are recommended to 
the attention of the stress analyst in applying the design 
method suggested. 


3efore describing the tests and discussing the test results, 
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HE purpose of this paper is to discuss some of 

the factors influencing engine cowl surface pres- 
sures; to present and analyze the results of pressure 
tests on one cowl model in the wind tunnel and on 
three representative cowl designs in flight; and to 
suggest methods of applying pressure-distribution 
data to the stress analysis of other cowls. The flight- 
test data presented are taken from test reports of 
the United Aircraft Corp. 


The structural design of an engine cowl is a mat- 
ter of considerable importance. Because continued 
improvement in airplane speeds and the increased 
severity of tactical maneuvers have increased 
greatly the aerodynamic forces on the cowling, the 
need for data from which to calculate these air 
loads has become increasingly imperative, espe- 
cially for certain military types which are required 
to execute terminal velocity dives. 





it may be well to review briefly some of the factors affect- 
ing airfoil surface pressures and to study the factors influ- 
encing engine cowl pressure distribution. 


Theoretical Considerations 
w Airfoil Pressure Distribution 


Airfoil pressure distribution has been investigated ex- 
tensively, both theoretically and experimentally. The 
mathematical theory has been developed to the point where 
it is possible to calculate, with satisfactory precision, the 
pressure distribution for any new airfoil section. To review 
the theory would be beyond the scope of this paper. The 
purpose of this discussion is merely to develop a qualita- 
tive basis for the explanation of observed engine cowl outer 
surface pressure phenomena, some of which strongly indi- 
cate airfoil analogy. For this purpose it is sufficient to 
present a brief explanation, substantially according to 
Warner®, of the elementary principles of airfoil pressure 
distribution, and summarize a few of the established facts 
which may have a bearing on engine cowl pressure dis- 
tribution. 

Fig. 1 shows the approximate airflow and pressure dis 
tribution about a typical airfoil at two angles of attack 
under conditions of non-turbulent flow. Since the flow is 
assumed to be non-turbulent, the streamlines approaching 
the airfoil must assume curved paths conforming approxi- 
mately to the airfoil contour. To maintain each particle 
of air on a curved path, there must be a force producing 
a central acceleration with respect to the center of curvature 
of the path. Therefore, where the streamlines are concave 
toward the surface, there must be a negative pressure, and 
vice versa. Figs. 1B and 1D show the pressure distribution 
corresponding to the airflow depicted in Figs. 14 and 1C, 
respectively. 

At some point on the airfoil surface the streamlines must 
divide to flow around the upper and lower surfaces, and 
at all flight angles this point must be very near the leading 
edge. At this point the air particles are brought to rest, 
hence the surface pressure is equal to g, where gq is the 








dynamic pressure of the free airstream, or 4,eV7. Obvi- 
ously, this is the maximum positive pressure attainable at 
any point on the airfoil. As the angle of attack increases 
above that shown in Fig. 1C, the pressure distribution over 
the lower surface is changed without increase in maximum 
intensity. The negative pressures over the upper surface, 
however, increase in intensity with increased angle of at- 
tack until the stall is reached and turbulence sets in. The 
maximum intensity occurs near the leading edge where the 
streamline curvature is greatest, and its numerical value 
may be several times the value of q. 

It has been established experimentally that, for any given 
airfoil under constant conditions, the pressure at any point 
on the surface is proportional to g within the ordinary 
range of Reynolds number. For convenience in conversion 
to any speed, therefore, surface pressures are usually plotted 
in terms of q. 

The pressure-distribution curve for any airfoil under 
given conditions will differ in detail from that of any other 
airfoil under comparable conditions. That is, every airfoil 
section has a pressure-distribution curve peculiar to itself. 
However, it is known that the pressure distribution is most 
sensitive to changes in the forward portion of the upper 
surface. In general, it may be said that, if two airfoils are 
nearly identical, particularly with regard to the nose of 
the upper surface, their pressure-distribution curves will 
be quite similar. 

The foregoing considerations of airfoil pressure distribu- 
tion are presented with the realization that aerodynamicists 
may rightly point out exceptions to the rule that stream- 
line curvature determines the sign of the surface pressures. 
It is believed, however, that this simple concept is true in 
general, and sufficiently accurate for use in the following 
preliminary study of engine cowl pressures. The discus- 
sion of airfoil pressure distribution is, of course, predicated 
on the assumption that the airflow is undisturbed by a 
rotating propeller. 


uw Engine Cowl Flow Equations 


In taking up the study of engine cowl surface pressures, 
it is desirable to consider first the factors governing the 
airflow through the cowl, since both the inner and outer 
surface pressures are influenced by the internal flow con- 
ditions. Equations for internal airflow have been devel- 
oped in Reference 3. In that report, the term “conductiv- 
ity” was introduced to denote the inverse of the restriction 
which the engine, with its baffles, if any, offers to the flow 
of cooling air. The conductivity, K, is a non-dimensional 
coefficient, indicating the quantity of air which will pass 
a given engine-baffle combination under a given pressure 
drop. In the case of closely baffled engines it is analogous 
to an orifice coefficient. It is represented by the equation: 


K = (A/F)/ /Ap/q (1) 
where 4 is the cross-sectional area of that part of the air- 
stream ahead of the cowling which actually flows 

through the engine. 

F is a representative area such as the frontal area 
of the engine or the cross-sectional area of the 
engine cowl at maximum diameter. 

A p is the pressure drop across the engine-baffle com- 
bination, 
and = q_is the dynamic pressure ,0V?. 


When A p/q = 1, K = A/F, and K is defined as the 
fraction of the column of air whose cross-section is equal 
to F that flows through the engine when the pressure drop 
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is equal to the dynamic pressure g. The coefficient K is a 

function of engine and baffle design only and, in the tests 

reported in Reference 3, it was found to be independent of 

Reynolds number over the entire range investigated. 
The expression for the quantity of cooling air is 

Q=KVAp/q FV 

where Q is the quantity of cooling air or AV 

and ‘VV is the airplane velocity. 

It is apparent that, for a given engine-baflle-cowl arrange 

ment at constant air speed, the airflow O is determined 

only by the pressure drop across the engine. This quantity, 

however, depends upon the total pressure drop available 

across the cowling and the relation between the engine and 

exit-slot conductivities. 

Referring to Fig. 2B, py is the pressure forward of the 
engine and p, the pressure aft of the engine. Then /\p 
= pr — pr. Az is the area of the exit slot, and pe is the 
pressure and Vy the velocity in the exit. The 
drop across the exit slot is Aps. If F is the cross-sec 
tional area of the cowl at maximum diameter, the exit 
conductivity is defined as 


Ky 


~ 


pressure 


A2/F 3 


The total pressure drop across the cowl, /A\P, is divided 
into the pressure drops 


exit slot, so that 


across the engine and across the 


AP = Ap + Ap. 1 
or, in non-dimensional terms 
AP/q = (Ap/q) + (Ap2/q) 5 


From the above relations, Reference 3 develops the equa 


k? K Y 


AP Q | 
q a . 
The quantity of air impinging upon the frontal area of 
the cowl per unit of time is 


Or = FV j 
Substituting Or for FV, Equation (6) may be written 
( > /¢ 
? = 4P/q (8 
Qr l l 
> = 
Kk? Kk, 
It is apparent that any increase in /\P/q, K, or Ky 


increases O/Ox. That is, increasing any one of these 
quantities causes a larger fraction of the approaching air 
column to flow inside the cowl as cooling air, provided 
the others remain constant. In‘some cases, however, a 
change in K or K, is accompanied by a change in A P/q. 
Furthermore, the effect of any change in either K or K, 
depends upon their relative magnitude. 

When K and K, are both small, the flow may be in 
creased by cutting off the cowl skirt, thus increasing K» 
with little change in AP/q. A point is soon reached, 
however, where /\p2 becomes substantially zero and 
LA\ p becomes equal to A P. Further increase in Ky due 
to shortening the skirt has no effect on the flow, unless 
the lines are such that the change increases A P/g. The 
larger the value of K, the greater the flow increase that 
may be obtained by shortening a skirt with a low initial 
value of Ko. 

If Ky is increased by enlarging the trailing edge diam 
eter of the cowl skirt, /\ P/q is frequently increased at 
the same time, particularly if the trailing edge is brought 
outside the normal streamline contour so as to produce a 
step in the body lines. It is evident from Equation 8 that 
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increased flow results from such a change, the increase 
being least at small values of K. When a cowl is equipped 
with adjustable trailing-edge flaps, opening the flaps re- 
duces the pressure in the exit in much the same manner 
as flaring the downstream end of a venturi tube or exhaust 
tube lowers the pressure in the tube. At the same time, 
The combined in 
crease in A P/q and Ky» explains the large flow increases 
observed in tests on cowls of this type. 


Ke is increased by the flap opening. 


The effect of increasing the engine conductivity K is 
also dependent upon the relative value of Ky. In the extreme 
case where Ky» is zero, the flow is zero regardless of the 
value of K. For small values of Ky, increasing K results 
in increased flow until A\ p becomes zero and A py» equal 
to A P. In this case the decrease in /\ p is due to the 
increase in p,, py and A P remaining unchanged. For 
large values of Ky, K may be increased to the point where 
p; and hence A P are decreased materially. Under these 
conditions it is not obvious from inspection of Equation 8 
that the higher values of K produce increased flow. 

The answer to this question is not to be found in the 
test results of Reference 2, because no tests were made 
where K and Ky» were both sufficiently large to produce 
any appreciable drop in py. During the quarter-scale wind- 
tunnel tests described in Reference 1, however, some test 
data were taken which shed some light on the problem. 
Certain test results not presented in detail in Reference 1 
have been analyzed by the methods of Reference 3, which 
permit the calculation of K, Ks, O/Or, and A P/q 
from the known dimensions of the model and the mea- 
sured quantities p,, py and O. 

A plain skirt having an exit conductivity Ky of 0.232 
was tested at engine conductivities K of 0, 0.10, 0.18, and 
0.30. A flared skirt representing the same skirt with flaps 
open and having Ky» equal to 0.51 was tested at the same 
values of K. With a Ky of 0.232, py was not decreased by 
increasing K, but with a Ky of 0.51, py diminished at the 
higher values of K. It would be expected that A p/q 
would decrease as K is increased at a constant value of Ko, 
because of the increase of p,. 
that the calculated values of A 
p, is diminished. 


It would also be expected 
P/q would decrease where 
Where p; remains unchanged, A P/q 
should also be constant, unless the increased flow changes 
the pressure in the external flow at the exit. The external 
pressure at the exit must have been increased in this case 
because, in every test with either value of Ky, both A p/q 
and /\ P/q decreased with increasing values of K. 

Apparently, however, as K increases, the pressure re- 
quired to force the air through the restriction decreases 
faster than the pressure available. In every test, O/Op 
increased with increased values of K in spite of the 
diminished pressure drop. With Ky» equal to 0.232, the 
increase was not large as K was varied from 0.18 to 0.30, 
indicating that the limit was nearly reached for that value 
of Ky. It thus seems probable that increasing K always 
increases O/Ox as long as Ky is large enough to offer little 
flow restriction. Apparently that condition is satisfied 
when the values of K and Kz, as computed from the pre- 
ceding formulas, are approximately equal. 

If O, denotes the fraction of the approaching air column 
that flows over the outside of the cowl, 

2, = Os — @ (9) 

Any increase in QO thus results in a corresponding decrease 
in O,. It is therefore apparent that any cowl modification 
which increases O, such as opening the cowl flaps or 
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removing the baffles, decreases the ratio O,/Op. It also 
will be noted that, since the values making up the right- 
hand side of Equation 8 have been found to be independent 
ot Reynolds number within the speed range investigated in 
Reference 3, O/Or and hence O,/Op for a given engine- 
baffle-cowl arrangement, are independent of air speed. 


w Pressure Distribution at Zero Angle of Attack 


In studying the airflow and pressure distribution about 
an engine cowl, it is well to begin with the simplest case - 
that is, a cowled nacelle of circular cross-section without 
the propeller, a condition which frequently exists in wind- 
tunnel tests. The effect of the propeller will be discussed 
later. For the present it will be assumed that conditions 
are such as to permit ordinary streamline flow about the 
body. Special cases involving the influence of adjacent 
airplane parts and the possible development of supersonic 
velocities in the external flow are reserved for later com- 
ment. 

Fig. 2 shows a portion of the outline of a typical engine 
cowl and nacelle. It is assumed that the cowl encloses an 
engine equipped with the present type of standard-equip- 
ment baffles, with the resulting low value of K, and that 
the entrance and exit areas are proportioned accordingly. 
The angle between the thrust axis and the airstream, which 
will hereafter be denoted as a7, is zero. Since the body 
is of circular section, the airflow about the body is sym- 
metrical. At any radial section, the flow is approximately 
as shown in Fig. 24. 

Since a closely baffled engine will permit the flow of 
only a small percentage of the column of air approaching 
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= Fig. 3 — Approximate airflow around a typical cowl at positive ¢, 





the cowl, the body displaces almost as much air as if it 
were solid. The streamlines near the center of the column 
are practically stopped by the engine, baffles, and cowl nose 
and are lost in a region inside the cowl nose where the air 
is turbulent but practically stagnant as regards motion 
relative to the engine. The small quantity of air which 
passes the baffles flows out the exit slot and along the after- 
body, causing little disturbance of the external flow if the 
exit is well-designed. A little farther from the center, the 
approaching streamlines curve sharply outward and then 
inward to conform approximately to the contour of the 
cowl. They are concave away from the cowl to a point 
just aft of the leading edge, then become concave toward 
it, with maximum curvature near the nose where the cowl 
curvature is sharpest. 

The pressure-distribution curves for the same typical 
cowl are shown in Fig. 2B. The inner surface pressures 
are determined by the available pressure drop across the 
cowl, /\ P, and the relative values of K and K,. In Ref- 
erence 3 it is stated that, for a single-row engine with fins 
of medium height, the value of K is about 0.04 with close 
baffles and about 0.50 with no baffles. In Reference 5, 
Theodorsen estimates that K would be about 0.07 for more 
modern single-row engines with deep fins, and that the 
value of K for two-row engines would be about double 
the value for single-row engines. The conductivity range 
for baffled engines in use at present is therefore from 0.04 
to 0.14. Wind-tunnel tests covered by References 1 and 3 
indicate that, for this range of K, the value of p;/q ranges 
from about 1.0 down to about 0.9 for cowls without pro- 
peller. It also has been established experimentally that 
this pressure p; is practically uniform over the engine disc 
and the inner surface of the cowl nose. 

For a cowled nacelle of this type, where the outside flow 
lines are continuously concave toward the body in the 
region of the exit slot, the static pressure in the external 





flow at the exit slot is usually slightly negative. Combin 
ing this pressure with the values of p;/g noted previously, 
it appears that /\ P/qg ranges from a little less to a little 
more than 1.0 depending upon the engine conductivity. 
As previously pointed out, the pressures on the inner sur- 
face of the cowl aft of the baffles depend upon the relative 
values of K and Ky. If Kz is smaller than K, considerable 
positive pressure may be built up aft of the baffles in order 
to force the air out of the small exit, but the inner surface 
pressures decrease rapidly near the trailing edge as the 
velocity of flow increases. If Ky is larger than K, the 
pressures over the entire inner surface aft of the baffles are 
much lower, and may even become negative throughout. 

The pressures on the outer surface of the cowl are very 
similar to those on the upper surface of an airfoil. Very 
near the leading edge, where the streamlines are concave 
away from the cowl, the pressures are positive. Aft of the 
point where the streamlines become concave toward the 
cowl surface, the pressures are negative, with maximum 
intensity around the nose curve where the radius of curva- 
ture is least. The velocity in this region is high because 
of the relatively large volume of air displaced by the cowl, 
and the streamline curvature must be abrupt in order to 
follow the cowl contour. The large negative pressures are 
the result of the central accelerations required to keep the 
air particles on highly curved paths at high velocities. It 
should be noted that, because of the divergence of the 
streamlines approaching the cowl, the incomplete airfoil 
of which the cowl forms the upper surface is operating at 
a comparatively high effective angle of attack. 

In Fig. 2B, the outer surface pressure distribution curve 
has been drawn with negative values above and positive 
pressures below the surface, while the reverse is true otf 
the inner surface pressure curve. This method of plotting 
is used throughout the paper, in preference to the more 
common method, shown in Fig. 1 and used for cowl 
pressures in Reference 3. The reason is that it seems to 
give a better impression of the direction of the air forces, 
since all bursting pressures are plotted outward. It the 
inner and outer surface pressure vectors at each point are 
added together and a curve is drawn through the points, 
the result is the total pressure distribution curve. It is 
obvious from Fig. 2B that the net axial force tends to 
move the cowl forward relative to the engine and the net 
radial load tends to burst the cowl. For a cowl of circular 
section at zero ,, the pressure distribution is symmetrical 
and no couples or lateral translational forces exist. 


mg Unsymmetrical Pressure Distribution 
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If the same typical nacelle is inclined at a positive angle 
of attack, the airflow and pressure distribution are no 
longer symmetrical. The airflow in the vertical plane 1s 
approximately as shown in Fig. 3. Since the conductivity 
is low, the internal airflow is very little affected by mod 
erate changes in ay. It is probable that there is some 
increase in the spillage of air out of the cowl nose at the 
top, and some dissymmetry of flow aft of the baffles due 
to unsymmetrical external pressures at the exit. With the 
low conductivities of baffled engines, however, the changes 
in internal flow are negligible. 

In the external flow, a positive angle of attack increases 
the effective angle of attack of the cowl section at the top 
centerline and decreases it at the bottom centerline. The 
result is an increase in local velocity and streamline curva- 
ture at the top and a decrease at the bottom. At the 
horizontal centerline, the angle of attack of the section 
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remains zero, but the section is yawed by an angle equal 
to ap. For any intermediate section, the relation between 
angle of yaw and angle of attack is proportional to its 
angular distance from the horizontal centerline. 

The pressure distribution at the top and bottom center- 
lines for a small positive angle of attack is shown in Fig. 4. 
The inner surface pressures are practically the same as at 
zero %p, except that they are influenced somewhat at the 
trailing edge by the changes in external pressures. The 
outer surface pressure curve at the top is displaced in a 
negative direction because of the increase in local velocity 
At the 
bottom, due to opposite changes in flow, the outer sur- 
face pressure curve is displaced in a positive direction. 


and curvature of the outer surface streamlines. 


If the increase in a, is continued, the displacement of 
the outer surface pressure curves at the top and bottom 
centerlines increases until the upper surface stalls and 
turbulence is set up. Above this point the negative pres- 
sure intensities at the upper centerline decrease, but at 
the bottom the displacement of the curve in the positive 
direction continues, the pressures becoming positive over 
the entire chord at high angles of attack. 

The effect of yaw on the outer surface pressure distribu- 
tion at the horizontal sections is doubtful since there is 
little information available concerning the effect of yaw 
on airfoil sections, and none at all- relative to the effect on 
cowl sections. Since yawing the section increases the chord 
parallel to the wind without increasing the thickness, the 
effective camber of the section parallel to the wind is 
decreased, which might tend to decrease the relative 
curvature of the streamlines and reduce the intensities of 
the surface pressures. On the other hand, airfoil pressure- 
distribution curves sometimes show higher intensities for 
sections with little upper camber than for those with 
highly cambered upper surfaces. The effect of yaw can 
be determined only by future research. 

The effect of angle of attack on the circumferential 
pressure distribution is also in doubt. It is to be regretted 
that this relation has not been investigated experimentally. 
If a cowl model having rows of pressure orifices located at 
frequent intervals around the semi-circumference were 
tested at various angles of attack, the effect of yaw on the 
horizontal sections and the rate of pressure change with 
angle of attack for various radial sections could be deter- 
mined. From these data, the semi-circumferential aver- 
age of the radial pressure-distribution curves could be con- 
structed for the upper and lower halves of the cowl. 

In the absence of this information, it is necessary to 
make certain approximate assumptions regarding circum- 
ferential distribution in order to make the most advan- 
tageous use of the pressure data now available. For the 
purpose of this paper it will be assumed that the angle of 
yaw has no effect on the pressure distribution at any cowl 
section. As will be shown later, the angles of attack usually 
will be small for the flight conditions which are critical 
in cowl design; hence the angle of yaw will be small at 
the horizontal sections and still smaller at other sections. 
The errors involved in this assumption, therefore, are not 
likely to be large, and they may be on the conservative 
side. 

It is assumed further that, for cowls of circular section, 
the change in pressure at any radial section is a linear 
function of its effective angle of attack and, hence, of its 
angular location with respect to the horizontal. Although 
test data to be presented later indicate that this is not 
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strictly true, the data are not sufficiently conclusive to 
justify the use of a more complicated relation. 

Under these assumptions, the outer surface circumfer- 
ential pressure-distribution change for a given positive 
angle of attack is as follows: At zero angle of attack, the 
longitudinal pressure distribution curve is the same for any 
radial section; therefore, the circumferential pressure dis- 
tribution curve for any transverse section is a circle. At 
a positive angle of attack, the radial pressure distribution 
curves at the horizontal centerlines are the same as at 
zero 2p, while the curve at the upper centerline is dis- 
placed in a negative direction. The curves at all inter- 
mediate sections are also displaced in a negative direction, 
the amount of displacement being proportional to their 
angular locations. For example, the displacement at 45 
deg from the horizontal centerline is half the displacement 
at the upper vertical centerline. The circumferential 
pressure-distribution curve for any transverse section 
through the upper half is then a semi-ellipse with its major 
axis on the vertical centerline, and the pressure at the 45- 
deg section is the average pressure over the upper half. 
Similarly, the circumferential pressure distribution curve 
for any section through the lower half, where the curves 
are displaced in a positive direction, is a semi-ellipse with 
its major axis on the horizontal centerline, and the pressure 
at 45 deg below the horizontal is the average pressure over 
the lower half. 

While the foregoing assumptions are admittedly approxi- 
mate, it is certain that considerable dissymmetry of load- 
ing results from unsymmetrical flow. Referring to Fig. 4, 
it is apparent that, for positive angles of attack, the total 
forward force and the total radial load are greater for 
the upper half of the cowl than for the lower half. The 
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difference in radial load produces a vertical translational 
force on the cowl which must be resisted by the cowl sup- 
ports. The difference in forward force on the two halves 
sets up a pitching couple which also must be carried by 
the cowl supports. Although the forward forces produce 
a net pitching moment about the airplane center of gravity 
which tends to offset that of the translational force, it 
appears that the net moment of all the cowl forces tends 
to increase the angle of attack of the airplane. That is, 
for unsymmetrical flow conditions, the engine cow! forces 
produce a de-stabilizing moment about the center of grav- 
ity of the airplane. 

For the type of cowled nacelle under consideration, where 
the sections are circular, the propeller is omitted, and the 
airflow at zero ap is assumed to be symmetrical, the fore- 
going discussion of circumferential pressure distribution is 
simply reversed for negative angles of attack. Where the 
cowl sections are not circular, the average pressure distribu- 
tion curves for the upper and lower halves can only be 
determined experimentally, using several rows of pressure 
orifices. 


w Effect of Reynolds Number 


It has been established experimentally that the pressure 
distribution over the surfaces of airfoils and other solid 
streamline bodies is independent of Reynolds number 
within the range of Reynolds number and angle of attack 
usually encountered in normal flight. A cowled engine 
nacelle is simply a special type of streamline body with 
provision for internal airflow. It already has been pointed 
out that the ratios O/Or and QO,/Qp are independent of 
Reynolds number, at least within the range investigated 
in Reference 3. This being the case, the effective angle of 
attack of the cowl section and the relative local velocities 
and streamline curvatures in the external flow should 
remain constant as airspeed is varied. Within the usual 
flight range of Reynolds number, therefore; it is logical to 
assume that the pressure p/g at any point on the surface 
of an engine cowl without propeller is substantially inde- 
pendent of airspeed, other conditions remaining constant. 

There is, however, a critical value of Reynolds number 
above which the pressure distribution is altered by com- 
pressibility effects. The large negative pressures over the 
nose of an engine cowl indicate that the local velocity of 
the external flow in this region is considerably higher than 
free air velocity. It is, therefore, apparent that certain 
points in the external flow will reach the velocity of sound 
at airplane speeds well below the speed of sound. It is 
known that, when this velocity is reached, a shock wave is 
developed which suddenly produces a very large increase 
in resistance. 

In Reference 4, Donald Wood estimates that, where the 
negative pressure on the cowl nose is —2.0 q, the local 
velocity is about 1.73 times the free air velocity. Assum- 
ing the velocity of sound is 1120 fps, the shock wave on 
the cowl is set up at an airplane speed of 443 mph. He 
also presents the results of drag tests made in the NACA 
high-speed wind tunnel on a model wing with a cowled 
engine nacelle. The effective drag coefficients for the 
nacelle with 3 nose shapes are plotted against velocity. 
There is practically no change in the drag coefficient from 
200 to 400 mph. At speeds of from 425 to 475 mph, depend- 
ing on nose shape, there is a sudden and tremendous in- 





7 See NACA Technical Report No. 646, 1939: ‘‘The Compressibility 
Burble and the Effect of Compressibility on Pressures and Forces 
Acting on an Airfoil,” by John Stack, W. F. Lindsey, and R. E. 
Littel. 





crease in the nacelle drag coefficient, indicating the begin- 
ning of the shock wave. It is evident then that supersonic 
velocities in the external flow and the accompanying shock 
wave, occur at airplane speeds currently attained by pur- 
suit-type airplanes in terminal-velocity dives. 

So far as is known, no pressure distribution data for 
engine cowls operating above the critical speed ever have 
been published. The effect of compressibility on airfoil 
pressure distribution and forces, however, has been dis- 
cussed in an NACA Report’ by Stack, Lindsey, and Littel. 
In general, it may be said that, above the critical speed, 
discontinuities appear in the pressure-distribution curves at 
points corresponding to the locations of the shock wave 
fronts, and aft of these points the pressure intensity is 
diminished. Above the critical speed there is a sudden and 
tremendous reduction in lift as well as a large increase in 
drag. By analogy, it seems likely that, when an engine 
cowl reaches the critical speed, both the forward drag and 
the bursting forces are reduced. It is possible that the for 
ward drag load even may be reversed in direction. 

For engine cowl design purposes, pressure-distribu 
tion curves based on measurements at moderate speeds are 
invalid at speeds higher than about 425 mph indicated, but 
from airfoil analogy it would seem to be structurally con 
servative to assume that the pressures are proportional to q 
at all speeds. In this case special attention would have to 
be given to certain types of yr attachment fittings to 
take care of possible reversal of the longitudinal forces, 
although most types are as aie against rearward mo- 
tion as against forward motion. 


mw Effect of Engine Conductivity and of Flaps 


In describing the typical engine cowl shown in Fig. 2, 
low value was assumed for the engine conductivity K. 
If K is increased, keeping the exit conductivity Ky» con- 
stant, the pressure distribution over both the inner and 
outer surfaces is changed. In the discussion of internal 
airflow, it was shown that, for small values of Ke, an in- 
crease in K increases p, with little change in p; while, for 
large values of Kz, an increase in K may decrease py and 
increase P, at the same time. For the typical cowl under 
discussion where the value of Ko» is small, an increase in K 
results in higher inner surface pressures aft of the baffles, 
the inner surface pressures forward of the baffles being 
unchanged. 

It should be noted, however, that, when Ky is relatively 
large, increasing K may result in a large volume of internal 
airflow. Under these conditions, the inner surface pressure 
distribution becomes unsymmetrical at values of ap other 
than zero. Ata positive angle of attack, the positive pres- 
sures on the inner surface are increased at the top and 
decreased at the bottom of the cowl, and vice-versa. 

It also has been pointed out that increasing K at a con- 
stant value of Ky increases O/Opr and decrease O,/Or. 
Since a smaller proportion of the approaching air column 
is displaced by the cowl and forced to flow over the outside 
surface, the local velocities of the outer surface streamlines 
are reduced. Moreover, the outward curvature of the 
streamlines just ahead of the cowl is decreased, thus de- 
creasing the effective angle of attack of the cowl section. 

Both the decreased local velocities and the decreased 
effective angle of attack tend to displace the outer surface 
pressure-distribution curve in a positive direction, except 
for the positive pressures very near the leading edge which 
tend to decrease due to the reduced outward curvature of 
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the streamlines. The effect of increased conductivity is 
therefore a reduction of pressure intensity over the entire 
outer surface, except at the stagnation point near the nose 
where the inner and outer flow fields separate. The pres- 
sure p/q at this point should be 1.00 regardless of the con- 
ductivity, although its location varies with the volume of 
internal flow. 

If the fixed trailing edge of the typical cowl shown in 
Fig. 2 1s replaced by a continuous series of hinged flaps, 
any outward deflection of the flaps has the effect of flaring 
the skirt and enlarging the exit slot, which considerably 
influences both the internal and external airflow. In the 
discussion of internal airflow it was brought out that open- 
ing the flaps always increases O/Ox, with a corresponding 
decrease in O,/Op, and decreases p,. When K is large, it 
it also decreases py. At the maximum flap angles normally 
used, p, is usually well below free air static pressure. The 
effect of full flap opening on the inner surface pressure 
curve of Fig. 2B is to change the positive pressures aft of 
the baffles to negative. Since K is small, the pressures for- 
ward of the baffles are changed very little. For cowls with 
higher conductivity, the pressures forward of the baffles 
are also decreased. 

The outer surface pressure distribution is influenced in 
two ways—by the increased internal flow and by the 
change in external flow. It has been shown that decreasing 
O,./Opr reduces the intensity of the outer surface pressures. 
The flaps also alter the external airflow by changing the 
shape of the cowl. The streamlines which formerly flowed 
smoothly over the outer surface of the cowl and body are 
deflected outward and become concave away from the cowl 
surface in the region of the flaps and for some distance for- 
ward. It is probable that there is some reduction in stream- 
line curvature nearly all the way to the leading edge, as 
well as considerable reduction in the velocity of the layers 
of air near the outer surface of the cowl. The air spilling 
over the trailing edges of the flaps produces turbulent flow 
at the exit and probably over much of the afterbody. 

Because of the decrease in velocity and streamline curva- 
ture caused by the flap deflection, the outer surface pressure- 
distribution curve is displaced in a positive direction. This 
effect, combined with the reduction in pressure intensity 
due to the decrease in O,/O,, produces a marked change in 
the pressure-distribution curve. The curve is altered least 
at the leading edge, where the flow is least affected. Fur- 
ther aft, the displacement in the positive direction becomes 
very pronounced. 

With close baffles, the effect of flap deflection is about 
the same at positive angles of attack as at zero a7, although 
the effectiveness of the lower flaps may be decreased 
slightly. With open baffles, the effect of the flap is to add to 
the dissymmetry of the internal pressure distribution be- 
cause of the increased flow produced. 

Since flap deflection displaces the outer surface curve in 
a positive direction and at least part of the inner surface 
curve in a negative direction, it is evident that in this con- 
dition the cowl is subjected to lower total axial and burst- 
ing forces than with flaps neutral. Full flap deflection, 
however, produces the maximum crushing force on the 
cowl skirt and the maximum flap hinge moment tending 
to close the flaps. 


a Comparability of Pressure Curves 


In reviewing airfoil pressure distribution, it was noted 
that airfoils of similar form have similar pressure-distribu- 
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tion curves, and that differences in the forward portion of 
the upper surface produce the greatest difference in pres- 
sure distribution. By analogy, the same should be true of 
cowled engine nacelles of the same conductivity, since the 
outer surface pressure distribution is similar to that of an 
airfoil. The tests reported in Reference 3 indicate that this 
is true. For cowls of the same diameter tested on the same 
nacelle at constant conductivity, the outer surface pressure 
distribution over the entire nacelle was quite uniform 
except at the forward portion where it was influenced by 
the various nose shapes, barring, of course, the tests with 
flapped cowls. For a given nose shape, changes in the form 
of conventional skirts had little effect on the outer surface 
pressures. The inner surface pressures are practically inde- 
pendent of minor differences in cowl lines. 

It thus seems reasonable to assume that, if pressure 
curves are available for a given cowl section, they may be 
used to estimate, with reasonable accuracy, the forces on 
other cowls of similar section, particularly if the nose 
shapes are practically identical. This assumption is valid, 
however, only when the cowls are used on engines of 
approximately the same conductivity and diameter; when 
the afterbodies have approximately the same shape; and 
when the airflow over the actual cowl is not disturbed by 
adjacent airplane parts not present during the pressure 
measurements on the test cowl. 

It has been pointed out previously that the effect of in- 
creased conductivity is a reduction in pressure intensity 
over most of the outer surface and part of the inner sur- 
face of the cowl. Therefore, pressure-distribution curves 
for unbaffled wind-tunnel model cowls should not be used 
for structural analysis of full-scale cowls used on baffled 
engines unless suitable corrections are applied to allow for 
the lower conductivity. 

The pressure distribution over a given engine cowl sec- 
tion may be influenced by the diameter of the engine on 
which it is used. If two engine nacelles are geometrically 
similar in every respect and the conductivity is constant 
so that O/Opr and O,/Qpr remain constant, the pressure, 
p/q, at any point on the surface should be independent of 
diameter. If, however, the radial section of a cowl for a 
small engine is applied to a cowl for a larger diameter 
engine, keeping the chord and section ordinates constant, 
it does not follow that the pressure-distribution curve will 
remain unchanged. 

In the first place, having equal chords and different 
diameters, the two cowls are geometrically dissimilar, the 
relative curvature being greatest for the larger cowl. More- 
over, the relative curvature of the after body is likely to be 
greater with large engines. The resulting increase in stream- 
line curvature may be expected to displace the outer sur- 
face pressure curve in a negative direction, even if the 
conductivity remains constant. With the present design of 
baffles, however, which leave open only a narrow radial 
slot at each side of the cylinder, the airflow area through 
the baffles increases approximately as the first power of the 
engine diameter, while Op or FV increases as the square 
of the diameter. With the same type of baffles, therefore, 
the conductivity tends to decrease with increased engine 
diameter. It has previously been shown that decreased 
conductivity also tends to displace the outer surface pres- 
sure curve in a negative direction. It also decreases p, 
and, in extreme cases, may increase py. 

Because of the negative displacement of the outer surface 
pressure curve, which offsets the decrease in p,, and the 
possible increase in py, it appears that the total pressure 








intensity on a given cowl section is higher when used on a 
large engine than on a smaller engine. 

Even when a given cowl section is used on a given 
engine with a given, conductivity, the airflow, and hence 
the pressure distribution, may be influenced by adjacent 
parts of the airplane. When the body aft of the engine 
cowl is of larger diameter than the cowl, as sometimes 
happens in fuselage installations, the streamlines are given 
a reverse curvature near the trailing edge, making them 
concave away from the cowl in this vicinity. The result is 
that the negative pressures over the skirt, shown for a typi- 
cal nacelle in Fig. 2B are changed to positive pressures. 
In the case of wing engines, the wing may exert an ad- 
vance influence on the approaching streamlines, causing 
unsymmetrical flow over the engine cowl when 2p is zero. 
Examples of these effects will be presented later in connec- 
tion with the test results. 


g Propeller Effects 

In the interests of simplicity, the discussion so far has 
been confined to the airflow and pressure distribution 
about an engine cowl without propeller. When flight con- 
ditions are considered, however, the effect of the propeller 
must be taken into account. The airflow in the vicinity of 
a propeller, especially when operating just ahead of a 
closely baffled engine, is rather complex. Moreover, it is 
influenced by various characteristics of the propeller, en- 
gine, baffles, cowl, and adjacent airplane parts. Under 
these circumstances, even a qualitative analysis of the effect 
of the propeller on cowl pressures is very difficult. Never- 
theless, it seems desirable from a structural standpoint to 
attempt some estimate of propeller effects in order to make 
a conservative allowance for them in applying wind-tunnel 
results to flight conditions, and to determine whether the 
worst cowl loads occur with power on or with power off. 

Since it is customary to plot pressure-distribution curves 
in terms of q, it is apparent that the influence of the pro- 
peller on the form of the curves will depend to a large ex- 
tept on the airplane speed. When the airplane speed is low 
and the thrust is high, the airflow due to the propeller is a 
relatively large proportion of the total airflow over the 
cowl, and the pressure p/q at any point is large because of 
the low value of qg. In fact, as Wood has pointed out in 
Reference 4, if any surface pressure is developed by the 
propeller slipstream with the airplane at rest on the ground, 
the pressure p/q at any point is infinite. As the airplane 
speed increases, however, the airflow due to the slipstream 
becomes a correspondingly smaller percentage of the total 
airflow, and the propeller effect on the form of the pressure 
distribution curve is diminished. In high-speed dives with 
negative thrust the propeller effects may be reversed. Since 
low speeds are not critical in the structural design of en- 
gine cowls, the propeller effects will be considered only at 
speeds corresponding to Vmax in level flight and higher. 

It already has been pointed out that the pressures on an 
engine cowl, particularly on the outer surface, are influ- 
enced by both the local velocity and the local direction of 
the airflow adjacent to the cowl surface. The action of the 
propeller affects both of these flow characteristics to some 
extent. The propeller also influences the static pressure of 
the air in its wake which, in turn, may affect the cowl 
surface pressures. The velocity, directional, and pressure 
effects of the propeller may conflict with each other; hence 





® See NACA Technical Report No. 640, 1938: “The Aerodynamic 
Characteristics of Full-Scale Propellers Having 2, 3, and 4 Blades of 
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it is considered advisable to study them independently 
before attempting to estimate the net result. 

The following expression for the ratio of slipstream 
velocity to airplane velocity is derived from equations taken 
from NACA Report* No. 640: 

Vs 


AY 1+ 2.545 


T. 

(10) 
pV2D? 
where Vg is the slipstream velocity and V is the airplane 
velocity in fps, D is the propeller diameter in ft, ¢ is the 
mass density of the air in slugs per cu ft, T, T — AD, 
T is the propeller thrust in lb, and A\D is the increase in 
body drag due to slipstream in lb. It will be noted that 
the slipstream velocity is greater than airplane velocity for 
positive thrust, equal to airplane velocity at zero thrust, 
and less than airplane velocity for negative thrust. If Vs 
were constant over the propeller disc, it would be logical 
to expect that the pressure intensity at any point about the 
cowl would be increased at positive thrust and decreased at 
negative thrust since the slipstream velocity would have 
exactly the same effect as a 
decrease in airplane velocity. 
cowl-body combination, 


corresponding increase or 
For a given engine-baffle- 
therefore, the air forces would be 
higher with a propeller operating at positive thrust, and 
lower at negative thrust, than the same combination with- 
out propeller, the airspeed and angle of attack remaining 
constant. 

The Vs calculated from this equation, however, is an 
average value. The slipstream velocities at various points 
along the propeller radius are known to vary widely from 
the average, being particularly low near the center where 
the hub and blade roots are ineffective in producing thrust. 
In most of the metal propellers now in use, both fixed and 
controllable pitch, it is about 24 in. from the center of the 
propeller to the first really effective blade section. The 
maximum thrust occurs at sections even farther from the 
center, probably at about % of the radius. The maximum 
radius of some two-row engine cowls is a little less than 24 
in. In the case of the small-diameter cowls, it is probable 
that most of the air accelerated by the propeller never 
touches the cowl surface, while the air which actually flows 
over the cowl surface is disturbed and retarded by the 
rotating blade ends. If this is true, the tendency is toward 
lower pressure intensity over the entire cowl with the pro- 
peller operating than without it, whether the thrust is 
positive or negative. The magnitude of the blanketing 
effect would depend upon propeller speed, being greatest 
at high speed. 

This tendency toward reduced airflow over small di 
ameter cowls with the propeller operating is accentuated 
by the use of propeller gearing, with the resultant increase 
in propeller diameter. Referring to Equation 10, it will 
be noted that, for a given thrust and airspeed, the average 
slipstream velocity Vs decreases with increased propeller 
diameter. Moreover, the maximum slipstream velocity is 
likely to occur farther from the center as the propeller 
diameter is increased. The blanketing effect of the geared 
propeller is somewhat lower, however, because of its lower 
rotational speed, as long as the number of blades remains 
constant. 

When the engine cowl diameter is large enough to place 
a considerable portion of its outer surface behind effective 
sections of the propeller, it is possible that the slipstream 
may increase the velocity of flow over that part of the sur- 
face, with a corresponding increase in pressure intensity. 
It is therefore apparent that the velocity effects of the pro- 


SAE Journal (Transactions), Vol. 47, No. 3 


peller depend, among other things, upon the relative di- 
ameters of the cowl and propeller and the propeller gear- 
ing. 

For example, consider two engines of the same power 
installed in airplanes having the same top speed, one be- 
ing a small geared two-row and the other a large direct- 
drive single-rrow. The velocity effects of the propeller 
would be approximately as follows: Since the cowl of the 
two-row engine lies inside the effective slipstream, while 
the airflow over the cowl surface is retarded by the blanket- 
ing effect of the propeller blade roots, the pressures over 
the entire cowl, including the inner surfaces, would be re- 
duced in intensity as compared with the same cowl under 
the same conditions without propeller. This condition 
would hold true regardless of the sign of the thrust, but 
would be a maximum at maximum propeller speed. The 
center of the large cowl experiences the same blanketing 
effect, hence the positive pressures over the engine disc, the 
inner surface of the nose and possibly part of the outer 
surface, would be lower with the propeller on than with 
the propeller removed, whether the thrust is positive or 
negative. The positive and negative pressures over that 
portion of the outer surface influenced by the slipstream, 
however, would be increased in intensity at positive thrust 
and vice-versa, the amount of change being proportional 
to the thrust. The intensity of the pressures under the 
cowl aft of the baffles is increased as the velocity of the 
airflow over the outer surface is increased by the slipstream. 
If the cowl lines are such as to produce negative pressures 
under the cowl, the decrease in p, tends to offset the de- 
crease in py due blanketing and keep /\p constant. 
Since the change in pressure intensity on the outer surface 
is likely to be larger than the change in inner surface pres- 
sure, it appears that the net pressure intensities over the 
cowl would be higher at positive thrust and lower at nega- 
tive thrust than with the propeller removed, other things 
being equal. 

Considering the influence of the propeller on the air 
velocity only, it might be concluded that, for the small 
geared engine, the air loads on the cowl are always lower 
with the propeller than without it, and that the air loads 
are lower with power on than with power off. On the 
other hand, for the large direct-drive engine, the air loads 
on the cowl are lower at negative thrust and higher at 
positive thrust than with the propeller removed, and 
higher with power on than power off. 

The effect of the propeller on the air velocity, however, 
is only one phase of its activity. It also influences the 
direction of the airflow about the cowl. There is some 
evidence that the rotating propeller hub and blade roots 
tend to act somewhat in the manner of a centrifugal 
blower, imparting an outward component to the particles 
of air passing through the center of the propeller disc. 
It already has been shown that, even without the propeller, 
the paths of the streamlines ahead of the cowf are inclined 
outward at a considerable angle to the thrust line. The 
radial force due to the centrifugal action of the propeller 
tends to increase the angle of outflow and, hence, the effec- 
tive angle of attack of the cowl sections. 

The airflow about the engine cowl of an airplane in level 
flight is shown in Fig. 5. This drawing was made from 

photograph of a flow pattern made in lampblack and 
kerosene on a plate fitted to the cowling of a Vought 
X03U-5 airplane powered with a Pratt & Whitney R-1535 
two-row engine. The baffles used on this engine were not 
as close as the type now in common use, and the conduc- 
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tivity of the engine was correspondingly higher. The flow 
of air out of the exit slot, combined with the increase in 
fuselage diameter aft of the slot, causes a reversal of curva- 
ture of the outer surface streamlines forward of the trail- 
ing edge of the cowl. As previously stated, this reversal 
accounts for the positive pressures found near the trailing 
edges of some cowls on single-engined airplanes, while 
most closely baffled cowls on wing nacelles show negative 
pressures at this point. 

Since the pattern shown in Fig. 5 was made with power 
on, the angle at which the streamlines meet the cowl lead- 
ing edge is the resultant of the displacement outflow and 
the outward component due to the centrifugal action of 
the propeller. Any reduction in the latter tends to reduce 
the effective angle of attack of the cowl section. It has 
been mentioned earlier in the paper that this tends to dis- 
place the outer surface pressure curve in a positive direc- 
tion. Considering only the effect of radial force due to 
the propeller, it would be logical to assume that, for sym- 
metrical flow conditions, the air loads on the cowl are 
higher with the propeller operating than without the pro- 
peller, and higher with power on than with power off, 
the radial flow component being proportional to the rpm 
and independent of the thrust direction. The magnitude 
of the effect may be somewhat dependent upon cowl diam- 
eter, probably being most pronounced for small cowls 
where the radial component of the streamline direction due 
to the propeller is a larger percentage of the total. 

The propeller, however, has another influence on the 
airflow direction in the form of slipstream twist, which 
causes every radial section of the cowl to operate at some 
angle of yaw, even when ay is zero. As previously noted, 
the effect of yaw on the outer surface pressures is not well 
understood; hence it is doubtful whether the slipstream 
twist increases or decreases the air loads on the outer sur- 
face. 

Under unsymmetrical flow conditions, say at positive 
ar, the radial force from the propeller still tends to increase 
the effective angle of attack of all cowl sections. Because 
of this tendency, it is probable that the upper sections of 
any given cowl will stall at a somewhat lower value of a7 
with power on than with power off. The angle of yaw 
due to slipstream twist also tends to influence the circum- 
ferential pressure distribution. With power off, the sec- 
tions near the horizontal centerline are yawed in the same 
direction on both sides of the cowl, that is, the airflow has 
an effective upward component from ieading to trailing 
edge due to the angle of attack. With a propeller rotating 
clockwise as viewed from the rear, the slipstream twist 

















m Fig. 5— Airflow around R-1535 engine cowl in Vought X-03U-5 
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m Fig. 6— Wasp engine cowl 
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gives the air an upward component on the left side and a 
downward component on the right side. Thus, the re- 
sultant angle of yaw is increased on the left side and de 
creased on the right side. If the effect of yaw is consider 
able, then the circumferential pressure distribution is un 
symmetrical with respect to the vertical centerline. With 
power on, therefore, a cowl operating at positive #7 would 
be subjected to a lateral translational force and a couple in 
the horizontal plane, in addition to the vertical transla 
tional force and the couple in the vertical plane due to 
angle of attack. Further experimental work is necessary 
to determine the effect of yaw and the magnitude and 
direction of the resultant forces due to the addition of slip 
stream twist. 

In addition to its velocity and directional effects, the 
propeller produces pressure effects which may influence 
the cowl surface pressures. Because of the inertia of the 
air accelerated by the propeller, the static pressure in the 
wake of the propeller is somewhat higher than free air 
static pressure. In the case of large cowls having most of 
the outer surface behind effective blade sections, this would 
tend to displace the outer surface pressure curve in a posi 
tive direction. Where the nose portion of the cowl is 
behind a good blade section, the pressure effect, possibly 
in combination with the increased velocity, may produce 
outer surtace pressure such that P/Q 1s greater than unity 
with power on, a condition theoretically impossible with 
out the propeller. Under negative thrust conditions, the 
pressure effects are reversed for large cowls. For small 
cowls, the pressure effects are probably negligible. In 
either case, the inner surface pressures are not likely to 
be much affected, since the radius of the nose opening 
usually will be smaller than the distance to an effective 
blade section. 

Combining the conflicting results of the velocity, direc 
tional, and pressure effects of the propeller, it appears that 
the net effect may depend upon sey eral factors, the relation 
between the cowl and propeller diameters probably being 
the most important. Considering the extreme condition 
of a small diameter cowl with a large diameter propeller, 
as compared with the same cowl without propeller, at 
zero &, the total pressure on the cowl surfaces would prob 
ably be decreased by the velocity effects, increased by the 
directional effects, and unaffected by the pressure effects, 
regardless of the sign of the thrust. Since the velocity 
effects probably would predominate, it is likely that, for 
the small cowl, the air loads are always lower with the 
propeller operating than with the propeller removed, the 
magnitude of the decrease being proportional to the rpm. 

On the other hand, for a large-diameter cowl with a 
small propeller at zero a7, the total pressure on the cowl 
surfaces tends to be increased by the velocity and direc 
tional effects and decreased by the pressure effects at posi 
tive thrust, and decreased by the velocity effects and in 
creased by the directional and pressure effects at negative 
thrust. In this case it is possible that the air loads may 
be higher with power on than with the propeller removed, 
regardless of the direction of thrust, although the prob 
ability is greatest at positive thrust. 

At positive values of #7, there would be a tendency for 
the upper surfaces of both cowls to stall at a lower angle, 
with power on than without propeller, and both would be 
subjected to the unsymmetrical circumferential pressure 
distribution due to slipstream twist. 

The tendency toward reduced air loads with increased 
power has been experimentally confirmed for two cowl 
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m Fig. 9—Pressure distribution over outer surfaces of Wasp cowl 
with various degrees of baffle restriction 
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m Fig. 1C — Pressure distribution over outer surfaces of Hornet cowl 
with various degrees of baffle restriction 
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m Fig. 11 —Pressure distribution over outer surfaces of Twin Wasp 
Jr. cowl for three flap angle — Pressure baffles— 160 mph _ indi- 
cated airspeed — Calculated «, — -0.9 deg 
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sizes. Tests of a Twin Wasp Jr. cowl presented later in 
the paper show a positive displacement of the outer sur- 
face pressure curve due to increased power input to the 
propeller. The tests reported in Reference 3 on Wasp 
engine cowls in the full-scale tunnel indicate a similar 
effect, but to a lesser extent. On the other hand, there is 
no evidence that the reverse effect might not be expected 
on still larger cowls, particularly if tested with direct-drive 
propellers. Although tests to date indicate that the worst 
air loads on engine cowls occur with power off, further 
research is necessary to determine whether or not this is 
always the case. 

It is not contended that the foregoing analysis of con- 
ditions affecting engine cowl surface pressures is either 
profound or exhaustive. Although supported by consider- 
able experimental data, it leaves unanswered some rather 
important questions. It has been presented to assist in the 
application of available pressure-distribution data to the 
structural as well as the aerodynamic design of engine 
cowls. It is hoped that it will stimulate constructive dis 
cussion and investigation of this interesting subject. 


Test Procedure 


In beginning the description of the flight tests covered 
by this paper, it should be emphasized at the outset that, 
when the first tests were initiated over five years ago, they 
were not undertaken primarily to furnish data for struc- 
tural calculations. At that time, pressure-distribution mea- 
surements were intended to supplement other methods of 
studying airflow conditions as part of a general research 
on engine cowling and baffles. 

For each of the first two cowls tested, the surface pres- 
sures were measured at only one airspeed while, for the 
third, they were measured at three level-flight airspeeds 
and one gliding airspeed. These airspeeds were chosen 
arbitrarily without reference to the attitude of the airplane, 
and the resulting attitude was not measured. If it had 
been foreseen that the data from these tests might later be 
used for the estimation of air loads for structural purposes, 
some sort of longitudinal inclinometer or angle of attack 
meter would have been carried to measure the angle of 
attack of the thrust axis, and each test would have included 
at least one run at such an airspeed as to make this angle 
Zero. 

The fact that these things were not done is of minor 
importance, however, due to two fortunate circumstances. 
First, because of the existence of reliable data on the wing 
cellule of the airplane, the angle of attack may be calcu- 
lated with satisfactory accuracy. Second, through the cour- 
tesy of the Douglas Aircraft Co., wind-tunnel test data 
have been provided which make possible an approximate 
correction for angle of attack. 


m Flight Tests 


Flight-test_ pressure-distribution measurements were 
made on the cowlings of Wasp, Hornet and R-1535 Twin 
Wasp Jr. engines. The three engines were all flown in 
the same airplane, a Vought V-50. Photographs of the 
three cowls are shown in Figs. 6, 7, and 8, and their prin- 
cipal dimensions are given in Figures, 9, 10, and 11, re- 
spectively. 

No modifications were made in any of the cowls during 
the tests. The Wasp and Hornet tests covered a rather 
extensive investigation of cylinder baffles, and the results 
of these tests, as far as they affect baffle design, have been 











SCALE OF LENGTH — IN. 
7 — 





° 





ee al 
, = = we wT 
ScALe oF pressure (q+ 4 pV) 
i 


Sy yg ayy egy Bg hy 





~ 


POSITIVE PR R PLOTT. 
UPwaR 


1.3°( APPROX.) 
o»Lwino 





167 PH 





m Fig. 12 —Pressure distribution over inner surfaces of Hornet cowl 
with various degrees of baffle restriction 


discussed in Reference 1. Although a large number of 
baffle modifications were tested, some had little effect on 
the mass flow through the cowl. The pressure-distribu- 
tion curves for three baffle arrangements have been selected 
for the present paper. One is for a set of very close- 
fitting experimental baffles which, except for a small clear- 
ance, restricted the airflow entirely to the inter-fin spaces 
all over the cylinder. The second arrangement employed 
the close-fitting inter-ear and inter-head plates or baffles, 
but the head and barrel baffles were replaced by “Vee” 
baffles which were formerly optional equipment on Wasp 
and Hornet engines. This arrangement permitted con- 
siderably greater flow than the first set. The third ar- 
rangement was without baffles of any kind. Although the 
conductivities of these baffle arrangements were not mea- 
sured, comparison of the baffles with those used during the 
tests of Reference 3 indicates that the curves marked 
“Pressure Baffles” probably were measured at a value of K 
somewhat less than 0.04. The value of K for the curves 
marked “No Baffles” would be about 0.50 for the Wasp 
engine and probably a little higher for the Hornet engine. 
The curves marked “Vee Baffles” 
intermediate value of K. 

The pressure measurements on the R-1535 cowl were 
made during tests of the performance of engine cowl flaps 
located at. the firewall. Tests were made at various flap 
settings under various flight conditions. The application 
of the results of these tests to cowl and flap design have 
been discussed in Reference 2. No baffle changes were 
made during the tests, all runs being made with the pres- 
‘sure baffles which were standard equipment on R-1535 
engines at that time. 

The fittings for measuring the outer surface pressures 
were made of countersunk-head machine screws having 
the slots soldered flush and small holes drilled through 
axially. These screws were set flush with the outer sur 
face of the cowl by press countersinking, and were held 
in place by nuts screwed up on special washers which 
were countersunk to fit the indented metal. Copper 
manometer tubes were connected to the inner ends of 
these screws by means of rubber hose and clamps. The 
manometer tubes extended to the cockpit where they were 
connected to the manometer header through brass cocks 
by means of which each orifice, in turn, could be con- 
nected to the manometer. 


were measured at some 
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For the Wasp cowl tests, pressure orifices were located 
at 18 points along the outer surface of the cowl on a line 
very near the top centerline. The spacing was 114 in. near 
the leading edge, 4 in. at the center, and 2 in. near the 
trailing edge. Eighteen were also used on the Hornet 
cowl, on a line ro in. to the left of the top centerline. The 
spacing was *% in. at the nose and trailing edge and 2 in. 
over the central portion. The orifices on the R-1535 cowl 
were located at the top centerline and spaced about 2 in. 
apart at the leading and trailing edges and 3 in. apart in 
the center. Sixteen were used on the cowl proper and 
two on the firewall shoulder cowl. 

The pressure orifices for the inner surface of the Hornet 
cowl were made of flattened copper tubes with closed ends 
and small holes drilled in the sides. Eighteen were used, 
spaced similarly to the outer fittings and held in place by 
screws and clips. The inner surface orifices for the R-1535 
cowl, thirteen in number, were located about 21 in. apart 
at the leading and trailing edges and about 6 in. apart 
near the center. They were made of metal wafers, filed 
thin at the outer edges, with fine holes drilled through the 
centers into flattened copper tubes soldered flush with the 
lower surfaces, and were held flat on the inner surface ot 
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a Fig. 13 —Pressure distribution over inner surfaces of Twin Wasp 
Jr. cowl for three flap angles — Pressure baffles — 160 mph indicated 
airspeed — Calculated «, = —0.9 deg 


the cowl by screws and clips on the copper tubes. The 
pressure fittings of both cowls were connected, by means 
of copper tubes, rubber hose, and clamps, to the cocks on 
the same manometer header as the outer surface orifices. 
No inner surface pressures were measured for the Wasp 
cowl, but the static pressures at points under the cowl for 
ward and aft of the baffles were measured by means of 


static tubes connected to the the 


manometer header 
same manner as the surface pressure orifices. 

The manometer was of the glass U-tube type, one leg 
being connected to the header. The opposite leg was con 
nected to the static line of the airspeed indicator to elim 


inate errors due to cockpit pressure. 


in 


During the Hornet 
tests, water was used in the manometer tube. Because of 
the low air temperatures prevailing at the time of the 
Wasp and R-1535 tests, alcohol was used in the manom« 
ter, and the pressure readings were converted to inches of 
water by means of a constant including the tested specific 
gravity of the alcohol. 

The pressure distribution measurements on the Wasp 
and Hornet cowls were all made in level flight at constant 
density altitude and constant airspeed. The Wasp tests 
were run at 2000 ft density altitude and 160 mph, and 
the Hornet tests at 3000 ft density altitude and 167 mph. 
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The airspeeds were corrected in accordance with a speed 
course calibration of the airspeed indicator. 

In the R-1535 tests, the test procedure consisted of flying 
at any convenient altitude where the air was smooth, ad 
justing the power for level flight, and carefully holding 
the airspeed at the desired value by small elevator adjust- 
ments. It has been noted that the engine cowl surface 
pressures are proportional to the dynamic pressure q. The 
airspeed meter reading is proportional to the same quan- 
tity. Since the tests were run at constant true indicated 
airspeed, as shown by a calibrated airspeed meter, the cowl 
surface pressures should be independent of altitude. More- 
over, the angle of attack of the airplane and the indicated 
slipstream velocity are practically constant. To confirm 
the expected independence of altitude, check runs were 
made at several altitudes at the same indicated airspeed 
and the surface pressures were found to be in good agree 
ment. Therefore, the pressure altitude was varied from 
2,000 to 12,000 ft as required to find smooth air. 

The surface pressures at all orifices were measured at an 
160 mph in level flight for each 
5-deg increment of flap angle. 


indicated airspeed of 
Pressures also were mea 
sured at 12 orifices at level flight airspeeds of 141.3 and 
122.4 mph for each ro deg of flap angle. Pressures at the 
same 12 orifices were then measured in a throttled glide at 
160 mph indicated airspeed for the 0, 20, and 4o0-deg flap 
angles. 

As previously noted, the angle of attack of the thrust 
axis, %r, was not measured during any of these tests. For 
tunately, however, it is possible to calculate ap for this air- 
plane wth satisfactory accuracy. The Vought V-50 air 
plane has practically the same wing cellule as the Vought 
O3U-1 Navy observation airplane, the aerodynamic char 
acteristics of which have been determined accurately by 


the NACA. 


attitude of the V-50 may be determined for a given gross 


From the results of the O2U-1 tests, the 


weight and indicated airspeed. The airplane was weighed 
with each engine installation, and all test runs were started 
with the same fuel load, so that the gross weight at the 
start of each test was constant for a given engine installa 
tion. The calculated values of x7 are 1.3 deg for the 
Wasp engine at 4000 lb gross weight and 160 mph indi 


See NACA chnical Report No. 420, 1932 
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0 deg — Pressure baffles 
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m Fig. 15— Pressure distribution over inner and outer surfaces of 

Twin Wasp Jr. cowl in level flight and in throttled glide at 160 mph 

indicated airspeed — Pressure baffles — Flap angle = 0 deg — Calcu- 
lated a, = -0.9 deg 


cated airspeed, —1.3 deg tor the Hornet engine at 4414 |b 
and 167 mph, and 
141.3 mph, and 


engine at 


0.9 deg at 160 mph, o.1 deg at 


+-1.3 deg at 122.4 mph for the R-1535 
a gross weight of 4731 lb. For the 160-mph 
glide, x; should be the same as for 160 mph level flight 
except for the difference in slipstream velocity over the 
center section and lower wing roots, and the small reduc 
tion in lift due to the gliding angle both of which, in this 
case, are probably too small to inake any important change 
in &p. 

All surtace 
pressures are plotted in terms of the dynamic pressure q 
based on true indicated airspeed. 


The test results are plotted in Figs. g to I5. 


All values of g are the 
adiabatic differential pressures for the corresponding speeds, 
as listed in Table IV of Beij®. Since airspeed meters are 
calibrated for adiabatic pressures, these values are some 
what more accurate than the values calculated by the in 
compressible formula 49V*. In plotting the curves for 
the R-1535 cowl with flaps deflected, the pressures have 
been plotted normal to the neutral flap position. Of the 
pressures measured at varying speeds and varying power 
output, only those for the neutral flap setting are given. 
The curves for other flap settings showed the same trend. 

In the case of the Wasp engine cowl, where no inner 
surface pressures were measured, the static pressures inside 
the cowling torward and aft of the baffles were found to 
be 0.98 gq and 0.495 q, respectively, for the pressure baffles, 
and 0.82 q and 0.665 q for the “Vee” baffles. These pres 
sures were’ not obtained for the unbaffled condition because 
a mechanical failure terminated the tests. The tests on 
the Hornet cowl, where both the interior pressures and 
inner surface pressures were measured, show that the inner 
surface pressures forward and aft of the baffle are sub 
stantially the same as the interior static pressures at these 
points. 


@ Wind-Tunnel Tests 


The Douglas wind-tunnel tests were made on a 1/11 
scale model of the complete airplane. The outline of the 
engine cowl and nacelle and their location relative to the 
wing are shown in Fig. 16. The engine cowl was formed 
ot a single sheet of metal, with plain edges at front and 








rear. The engine cylinders and inter-cylinder baffles were 
represented on the model. 

A special engine cowl having five pressure orifices 
on the inner surface and five on the outer surface was 
constructed for one of the nacelles. The fore-and-aft loca- 
tions of these orifices are shown by the light lines normal 
to the surfaces in Figs. 16 and 17. Small copper tubes, 
connected to the inner orifices and running outside the 
cowl, extended to the rear of the cowl and were connected 
te a multiple-tube manometer by means of rubber tubing. 
Similar tubes, running inside the cowl, connected the outer 
orifices to the manometer. The circumferential location 
of the inner and outer orifices, which were spaced 4/9 of 
the circumference apart to avoid interference with the 
engine cylinders, is shown in Fig. 16. Pressure measure- 
ments were taken with the orifices located in position 1, 
then the cowling was rotated 4/9 of a revolution to posi 
tion 2 and the observations repeated. 

The pressures were measured at a tunnel speed of ap- 
proximately 140 mph, since the height of the available 
manometer was insufficient to measure the pressures devel- 
oped at the customary speed of the tunnel. The individual 
pressures were measured relative to an arbitrary origin 
which was approximately the static pressure in the wind- 
tunnel working section. Because of this arbitrary origin, 
the laboratory report recommends that the algebraic sum 
of the inner and outer surface pressures be used in deter- 
mining the net force on the cowl surface at any point, that 
is, that the external and internal pressures be considered 


together and not separately. Thus, if the reference pres- 





sure differs from the true static 
section, 


in the 
the deviation will cancel out in the 
pressures. 

In spite of 


pressure working 


addition of 


the wisdom of this recommendation, it is 
desirable for our purpose to consider the pressures sep 
arately. Since it is assumed that the reference pressure re 
mained constant, independent pressures for either surface 
may be compared to show the effect of angle of attack. 
Moreover, since the origin was approximately equal to the 
pressure in the working section, the actual values for either 
surface are probably not greatly in error. The test pres 
sures, in terms of qg, have therefore been plotted for both 
surfaces independently. Fig. outer surface 
pressures and Fig. 17 the inner surface pressures. 


16 shows the 


— 
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Discussion of Test Results 
w Wind-Tunnel Tests 


In discussing the test results, the wind-tunnel tests 
taken up first because they show the 
pressures with zp. This variation 
analysis of the flight test results. 

For convenience, the Figs. and 17 have 
been plotted as though they were measured at the top and 
bottom centerlines of the cowl. 


are 
surtace 
the 


in 
important 


Variation 
1S in 


curves of 16 
It should be noted, how 
ever, that the outer surface pressures shown at the top of 
the cowl were actually measured 60 deg below the top 
centerline, while those shown at the bottom were measured 
40 deg above the bottom centerline. Similarly, the inner 


surface pressures shown at the top of the cowl were meas 





of. +15.02° 


+ 10.89° 
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= Fig. |7 — Pressures on inner surface of engine cowl of wind-tunnel 
model of Douglas DC-! at various angles of attack 


ured 20 deg below the top centerline and those shown at 
the bottom 40 deg above the bottom centerline. 

Because of the small number of pressure orifices used 
in the wind-tunnel tests, it is dificult to plot the extreme 
forward ends of the outer surface pressure curves of Fig. 
16, and these parts of the curves have been drawn more 
or less arbitrarily. At the leading edge they are drawn 
tangent to a perpendicular to the surface. If closer orifice 
spacing had been used, it probably would have been pos 
sible to detect a point of zero pressure near the leading 
edge, forward of which the pressures become positive. 
This condition was found to exist in the pressure curves 
for all the flight-test cowls and for the model cowls shown 
in Reference 3. 

The curves of Fig. 16 show the relation between a7 and 
the outer surface pressures at two radial sections. At the 
section 60 deg below the top centerline, the pressure curve 
is continuously displaced in a negative direction as 2, 
increases, although the pressure at the forward orifice 
reaches a maximum at +8.77 deg. At the section 40 deg 
above the bottom centerline, the curve is displaced in a 
positive direction with increasing angle of attack, becoming 
positive over the entire chord at +-15.02 deg. 

The effect of zp on the inner surface pressures is shown 
in Fig. 17. Since the inner surface pressures were affected 
very little by angle of attack, except at large angles, only 
the curves for the smallest angle and the two extreme 
angles have been plotted. The inter-cylinder baffles used 
on the model were apparently comparable to full-scale 
pressure baffles in conductivity, since the first two orifices 
at both top and bottom show an inner surface pressure of 


1.00 q for all but the highest angles of attack. The sharp 
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break in the inner surface pressure curve usually noted at 
the baffle bulkhead is not in evidence in these curves, 
possibly because of some detail of baffle construction or 
because of the wide orifice spacing. At most of the angles 
tested, the inner surface pressure curves were practically 
the same. At the highest positive angles, however, there 
was some reduction in the positive pressures at the leading 
edge of the lower section, probably due to turbulence. 
There was also some reduction in the positive pressures at 
the rear of the upper section, attributable, at least in part, 
to the reduction in the external pressures at the exit slot. 

It is apparent from a study of the curves of Fig. 16 that 
the airflow over the model engine cowl was influenced 
considerably by the model wing. The wing was operating 
at positive lift coefficients at all angles tested except at 

3.03 deg, and the lift coefficient was still increasing at 


an 4, of +15.02 deg, corresponding to an angle of attack 
of +17.02 deg for the wing. But for the wing influence, 


the pressure curves should have been practically coincident 
for the upper and lower orifices at the smallest angle tested, 
+-o.19 deg. Actually there is considerable spread between 
the upper and lower curves for this angle, while the upper 
and lower curves for —1.95 deg are practically identical. 
li is evident that the advance influence of the model wing 
caused an increase of approximately 
angle of attack of the thrust axis. 
Fig. 18 represents an attempt to compare the average 
total pressure curves for the upper and lower rows of ori 
fices at two angles of attack. At 


4 


deg in the effective 


1.95 deg, as just noted, 
the pressures at each orifice location were almost identical 
for the upper and lower rows, indicating symmetrical flow 
at this angle. These pressures were averaged and added 
to the internal pressures to obtain the average total pres- 
sure curve for the angle of symmetrical flow. Of the other 


OL, =—1.95° OG; 18.02° 
APPROX. SYMMETRICAL PRESSURES. TOP 







AVERAGE OF TOP & BOTTOM CURVES 

















SCALE OF PREssuRES (q=+ PV" 
a 1 Ly 1 ul be | ' 1 
° 54 '¢ 15q 24 2.54 34 354 44 
BURSTING PRESSURES PLOTTED OUTSIDE OF COWL SURFACE. 
OC,;* ANGLE OF ATTACK OF THRUST AXIS. 











u Fig. 18— Average total pressures on both surfaces of the engine 
cowl of wind-tunnel model of the Douglas DC-I at two angles of 
attack 











three curves for +-15.02 deg, those marked “top” and 
“bottom” were obtained by adding the internal and external 
pressures at the upper and lower rows of orifices, respec- 
tively. The curve marked “average” is drawn midway 
between the top and bottom curves. As will be explained 
shortly, this average curve does not represent the average 
pressures around the circumference, because of the location 
of the rows of orifices. If they had been located at the top 
and bottom centerlines, it would be a fairly close approxi- 
mation to the average circumferential pressure distribution. 
Actually, it merely represents the average of two pressure 
curves measured at radial sections located within 20 deg 
of opposite each other. The curves of Fig. 18 indicate, 
but do not necessarily prove, that the average pressure in- 
tensity around the circumference under unsymmetrical flow 
conditions does not differ greatly from the pressure inten- 
sity at symmetrical flow, in spite of the great dissymmetry 
of loading on the upper and lower cowl halves. If the two 
rows of orifices had been located directly opposite each 
other, the agreement would have been even better because 
the average curve would have been displaced in a negative 
direction. 

The curves of Fig. 16 are the results of the only known 
tests where the variations of engine cowl outer surface 
pressures with angle of attack were measured on a model 
without a propeller, thus precluding the possibility of the 
results being influenced by propeller activity. It is regret- 
table that the pressure orifices were not located at the top 
and bottom centerlines of the cowl because, if this had been 
done, it is certain that greater changes in pressure intensity, 
for a given change in angle of attack, would have been 
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observ ed than in the locations actually used. 
the data of Fig. 


In order that 
16 may be used for approximate calcula 


tions of engine cowl pressure distribution at angles other 
than those at which it has been measured, 
Fig. 19 


the curves of 
have been plotted, incorporating an approximate 
correction tor the 
tunnel tests. 


effect of orifice location in the wind 


In Fig. 19, the pressures at the five orifice points used 


in the wind-tunnel tests have been corrected for orifice 
location and plotted against Aap, where /\zp is the 


change in angle of attack from the angle of 
flow, which for the wind tunnel model was 1.95 deg. 
In applying the curves to the design of a cowl where 
symmetrical flow may be expected at zero ap, / 
be assumed equal to zp. In the 
similar to the wind-tunnel model, 
mately a, 


symmetrical 


Z%y7 can 
nacelle 
\%p would be approxi 


case of a wing 


+ 


: deg. 

The curves for each orifice are plotted as ratios of pg 
where p, is the pressure at the required value of xy 
and py is the pressure at the angle of symmetrical flow. 
Since the model cowl was of circular cross-section, the cor 
rections for made the basis of 
the assumptions made in the theoretical discussion, namely, 
that the change in pressure at any radial section due to a 
change in angle 


Ns 


orifice location were on 


of attack is proportional to the angular 
location of the section with respect to the horizontal cen 
terline. to a 
\\%r was tabulated for each angle tested. 
Since the upper row of orifices was located 


For each orifice, the change of pressure due 
change in angle 
3 of the way 
to the top centerline, the pressure changes were multiplied 
by 3. The pressure changes at the lower row, which was 
located 5/9 the way to the centerline, 
multiplied by 1.8. The resulting curves Po/Ps are 
the approximate pressure ratios which exist at the top and 
bottom centerlines of the cowl. 

There is a possibility that, if the test orifices 
had been located at the vertical centerlines, the 
tion might have stalled before the maximum 
The fact that the pressure at the forward 
orifice decreased somewhat at the higher angles might be 
interpreted as indicating the approach of the stall, but this 
is by no means certain. If the top sections actually did 
stall at the higher angles, the curves would not be correct 
in this range, but they 


of bottom 


were 


of 


actually 
upper sec 
test angle 
was reached. 


would be conservative for use in 
cowl design. 

In applying these curves to cowl design, it should be 
noted that the upper set of curves is for the top centerline 
and the lower set is for the bottom centerline, 
increasing angles of attack. 
line curve 


both for 
In correcting the top center 
for small negative test angles, the lower ends 
of the upper set of curves should be used, and the test 
pressures should be divided by the pressure ratios, which 
are less than unity. In correcting a symmetrical pressure 
curve for a positive design angle of attack, the upper set 
of curves should be used for the upper centerline and the 
lower set of curves for bottom centerline, the pressures in 
each case being multiplied by the correction factor. Since 
the pressures at symmetrical flow are mainly negative, the 
sign of the pressure ratios is positive, thus giving a nega 
tive result when multiplied by a negative pressure. A 
negative correction factor multiplied by a negative ps 
gives a positive p,, showing that the pressure has become 
positive for that angle of attack. In correcting a sym 
metrical pressure curve for a negative design angle of attack, 
the upper curves should be used for the lower centerline, 
and vice-versa. 
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m Fig. 20—Pressure-distribution curves for Douglas wind-tunnel 
model and three actual cowls at approximately the same angle of 
attack 


This procedure is necessary because, as will be seen in 
Fig. 19, the upper and lower curves, with the exception of 
those for 16.73% of the chord, are by no means sym 
metrical about the line through p,/ps 1. That is, the 
pressures at the bottom centerline do not change as rapidly 
with a decreasing effective angle of attack as those at the 
upper centerline change with an increasing effective angle 
of attack, nor is there any reason to expect that they should. 
To take an airfoil analogy, there is no reason to suppose 
that the pressure intensity at any point on the upper sur 
face of an airfoil would be decreased the same amount by 
a 2 deg decrease in angle of attack as it would be in 
creased by a 2 deg increase in angle of attack. 

It should be emphasized that the curves of Fig. 19 are 
derived by means of an approximate assumption and 
that they are based upon data for a single cowl shape. In 
using these curves in the design of other cowls, therefore, 
it will sometimes be necessary to use judgment in the 
application of the correction factors, and adequate safety 
factors should be employed to take care of the errors 
involved. Until further experimental results have been 
published, however, they offer the best available data for 
correcting cowl pressures for angle of attack. 


w Flight Tests 


The curves of Figs. 9, 10, 11, 12, 13, 14, and 15 show the 
eflects on cowl surface pressures of certain variables such 
as conductivity, flap deflection, angle of attack, and pro- 
peller activity. The curves of each figure are comparable 
among themselves, but it should be noted that for different 
figures both the space and pressure scales vary consider- 
ably. In order to facilitate ready comparison of the pres- 
sure curves for different cowl shapes, one curve for each 
of the flight-test cowls and one for the Douglas model 
cowl, taken under as nearly identical conditions as _pos- 
sible, have been plotted in Fig. 20 in rectangular co- 
ordinates. The total pressure curves, obtained by vectorial 
addition of the inner and outer surface pressure curves 
at the test angles, are shown for two flap settings on the 
R-1535 cowl in Fig. 21. 


The effect of variations in conductivity on the inner 
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surface pressures of the Hornet cowl is shown in Fig. 12. 
Where no baffles are used, the inner surface pressures are 
almost constant, varying from approximately 0.80q at the 
leading edge to 0.83q at maximum diameter to 0.73q at 
the trailing edge. With close baffles the pressures forward 
of the baffles are practically constant at about 0.87q, 
dropping abruptly at the baffle bulkhead to an average of 
about 0.15q aft of the baffles. With the intermediate vee 
baffles, the pressures are only slightly lower forward of 
the baffles but are considerably higher aft of the baffles. 
During these tests, static tubes were installed to measure 
the pressures over the engine disc forward and aft of the 
baffles. It was found that with close baffles these presures 
were practically equal to the pressures on the inner sur- 
face of the cowling. This discovery becomes useful a 
little later in the computation of loads on the Wasp cowl, 
for which no inner surface pressures were measured. 

Figs. g and 10 show the effect of various conductivities 
on the outer surface pressures for two cowl shapes. In 
general, the result of decreased conductivity is a displace- 
ment of the pressure curve in a negative direction, the effect 
being smallest near the leading edge where the pressures 
are positive. It will be noted that the outer surface pres- 
sure curves for the Hornet cowl are very irregular near 
the trailing edge, a condition not found in the curves for 
the other cowls. This is very likely due to unstable air- 
flow produced by the shape of the cowl and body. Since 
the engine was of relatively large diameter and required a 
short engine mount for airplane balance, the cowl was 
“necked in” sharply aft of maximum diameter. It is prob- 
able that the streamlines broke away from the surface, 
producing turbulent flow over the cowl skirt. For all 
baffle conditions, the outer surface pressures over the rear 
of the skirt fluctuated considerably but were low in in 
tensity. 

The variation of outer surface pressures with flap deflec- 
tion is shown in Fig. 11 for the R-1535 engine cowl. The 
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m Fig. 21 -Combined inner and outer surface pressures on Twin 
Wasp Jr. cowl — Pressure baffles — Calculated 2, — —0.9 deg 








corresponding inner surface pressures are shown in Fig. 13. 
It will be noted that increased flap deflection results in 
progressive displacement of the outer surface pressure 
curve in a positive direction. The inner surface pressures 
forward of the baffles are practically constant and, with 
the close baffles used throughout the tests on this cowl, are 
very little affected by flap displacement. Aft of the baffles, 
however, the pressures are reduced materially by flap de- 
flection. The increase in pressure drop through the baffles 
with flap displacement, which accounts for the cooling 
effect of the flaps, is clearly illustrated in Fig. 13. 

In Fig. 14, the inner and outer surface pressure curves 
are plotted for the R-1535 engine cowl at indicated air- 
speeds of 160, 141.3, and 122.4 mph. The calculated 
thrust angles of attack corresponding to these speeds are 
—0o.9, —o.1, and -++1.3 deg, respectively. It is probable 
that the displacement between the three outer surface 
curves of this group is due chiefly to angle of attack, 
although reduced propeller activity at che lower airspeeds 
may be a contributing factor. The trend is toward a dis- 
placement in the negative direction with increasing angle 
of attack, similar to the trend shown in Fig. 16 for the 
wind-tunnel model cowl. The curves for —o.g and —o.1 
deg cross on each side of the point where the nose curve 
becomes tangent to the straight portion of the section. It 
is noticeable that the curves of Fig. 16 tend to crowd to- 
gether at a similar point. 

The inner surface pressures are practically unchanged as 
%p is increased from —o.9 to —o.1 deg, but are lowered 
somewhat by the change from —o.1 to +1.3 deg. The 
decrease in positive pressure aft of the baffles is due to a 
corresponding decrease in positive pressure in the external 
airflow at the exit, as indicated by the outer surface pres- 
sure curve. The inner surface pressures forward of the 
baffles should have been unchanged by angle of attack 
within this narrow range if the tests had been made with- 
out propeller. Since this is a small cowl with a geared 
propeller, theoretical considerations indicate that the re- 
duced rpm accompanying the lower airspeed should have 
diminished the blanketing and produced higher inner sur- 
face pressures forward of the baffles. This is confirmed 
in the curves of the next figure for the throttled glide. 
It seems likely that, for the test plotted in Fig. 14, the 
reduction in blanketing was slight and the drop in for- 
ward pressures is due to the reduction in positive pressures 
aft of the baffles. 

Fig. 15 shows the inner and outer surface pressures for 
the R-1535 engine cowl at an indicated airspeed of 160 
mph in level flight and in a throttled glide. Since the 
measurements were made at constant airspeed and the- 
oretically at very nearly constant angle of attack, the varia- 
tions in pressure shown by these curves must be due prin- 
cipally to the difference in power absorbed by the propeller. 
The displacement of the outer surface pressure curve in 
the positive direction due to the use of power is of con- 
siderable magnitude in this case. It has been pointed out 
in the theoretical discussion that the combined propeller 
effects are likely to produce this result, particularly with 
small diameter cowls. At the same time it was noted that 
NACA tests on Wasp engine cowls did not show this 
effect to such marked extent. Pending further investiga- 
tion, it should be remembered that, in the case of still 
larger cowls than those tested, the displacement may be 
in the opposite direction for the power-on condition. 

The inner surface pressures are slightly lower forward 
and slightly higher aft of the baffles with power on than 
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with power off. The lower pressures forward of the baffles 
are probably due to the blanketing effect of the blade roots 
at high rotational speeds, while the higher pressures aft 
of the baffles may be attributed to the higher outer surface 
pressures at the trailing edge. 

Although plotted to different scales, the outer surface 
pressure curves of Figs. 9, 10, 11, and 16 show some of 
the effects of cowl and body form. The curves of Fig. 16 
for the model nacelle indicate negative outer surface pres 
sures all the way to the trailing edge of the cowl, prob 
ably because the relative diameters of the cowl and nacelle 
permitted continuous curvature of the streamlines flowing 
over the combination. In the case of the Wasp cowl shown 
in Fig. 9, the streamlines were doubtless forced to take a 
reverse curvature at the exit slot similar to the lines shown 
on the flow plate in Fig. 5, thus producing positive pres 
sures over the trailing edge of the cowl skirt. The Hornet 
cowl shown in Fig. 10 was evidently necked in so sharply 
that the streamlines could not follow the surface, with the 
result that the flow became turbulent and the skirt pres 
sures were erratic. In Fig. 11, the o deg flap angle curve 
shows that the R-1535 cowl experienced positive pressures 
over a much greater proportion of its outer surface than 
any of the other cowls tested. This may be the result of 
using a shallow cowl section of long chord, a considerable 
portion of which was free from curvature. 

It will be noted in Fig. g that the Wasp cowl had a 
very deep cowl section, that is, a small ratio of nose open 
ing diameter to maximum diameter. The point of zero 
outer surface pressure for this cowl lies considerably further 
aft ot the leading edge than for the Hornet and Twin Wasp 
Jr. cowls shown in Figs. 10 and 11. Moreover, this was 
the only cowl tested where the positive pressure p/q at 
any point on the outer surface attained a value greater 
than unity. The Wasp engine was equipped with a 
small-diameter, direct-drive, 2-blade propeller, while the 
others had larger diameter, 3:2 geared, 3-blade propellers. 
Because of the short nose of the direct-drive engine, it 
was also necessary to locate the Wasp cowl nearer the 
propeller than in the other installations. As previously 
pointed out, under these conditions the velocity and pres 
sure effects of the propeller unite to increase the pressure 
on the cowl nose. This condition accounts for the outer 
surface positive pressure of 1.25g at the leading edge, a 
value 25% greater than the maximum pressure theoreti 
cally possible without propeller. 

Fig. 20 shows one pressure-distribution curve for each 
of the three flight test cowls and the wind-tunnel cowl, 
plotted in rectangular coordinates. The data from which 
these curves were plotted are from tests made under as 
nearly identical conditions as possible. In of the 
Wasp cowl, the pressures under the cowl forward and aft 
of the baffles are assumed to act on the inner surfaces of 
the cowl, an approximation which was found justifiable 
during the Hornet tests. The curves for all four cowls 
are for the top centerline of the cowl, or for the nearest 
section at which pressures were measured. 

It will be noted that the curves for the Douglas wind 
tunnel cowl and the Wasp and Hornet cowls show con 
siderable similarity when differences in contour, diameter, 
and propeller conditions are considered. 
face pressures peak at around —1.25q at 15 to 20% of the 
chord length. For the R-1535 cowl, the outer surface 
pressure intensity was never greater than —o.5q and the 
peak was located at about 8% of the chord. 


case 


The outer sur 


Moreover, 
a much greater proportion of its outer surface was under 
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positive pressure. This cowl had a larger ratio of nose 
opening diameter to maximum diameter, and a larger ratio 
of chord length to maximum diameter, than any of the 
others, and was cylindrical for a large proportion of the 
chord length. In other words, it had a long, relatively 
flat section, which may account for the low pressure in 
tensity on the outer surface. 

Although it is beyond the scope of this paper to discuss 
the relation between cowl drag and surface pressures, an 
interesting point may be mentioned in passing. Through- 
out these flight tests, it was found that any modification to 
a given cowl which displaced the outer surface pressure 
curve in a positive direction resulted in a loss of airplane 
speed. There was one exception to this rule, where the 
removal of all baffles from the Hornet cowl produced a 
small increase in speed. Because of the peculiar shape of 
this cowl, it may be possible that permitting a greater air- 
flow reduced the turbulence in the airflow over the skirt, 
producing beneficial results which offset the reduction in 
forward components of the outer surface pressures for 
ward of maximum diameter. In every other case, how 
ever, regardless of the nature of the change, any change 
which reduced the intensity of the outer surface negative 
pressures increased the airplane drag. 


Computation of Cowl Forces 


It is obvious from the foregoing dicussion that consider- 
able experimentation would be necessary in order to make 
an exact stress analysis of a new engine cowl design. Since 
it would be quite dificult to measure directly some of the 
forces involved, it would probably be more practical to 
make a complete set of pressure distribution measurements. 
From these data the most severe flight condition could be 
determined, and the curves for this condition could be 
integrated to ascertain the maximum cowl loads. To be 
strictly accurate, the axial forces determined in this way 
should be corrected for skin friction. This could be done 
by determining experimentally the friction coefficient for 
the type of outer surface employed and using it in con- 
nection with velocity data from a survey of local velocities 
over the outer surface. It is structurally conservative, how- 
ever, to neglect skin friction. Among the most practical 
methods of obtaining pressure distribution data are: (1) 
wind-tunnel tests of scale models, (2) full-scale wind-tunnel 
tests, and (3) flight tests of the actual airplane. 

In wind-tunnel tests of a scale model, to provide com 
plete data, the wind-tunnel model and test procedure should 
meet the following requirements: (1) the model should 
be equipped with a scale model propeller driven from 
within the body; (2) the model should have a restriction 
having flow characteristics similar to those of the engine- 
baffle combination; (3) several longitudinal rows of closely 
spaced pressure orifices should be located on both the 
inner and outer surfaces of the cowl at intervals not ex- 
ceeding 45 deg; (4) the model should include the wings, 
windshield, and all airplane parts which might affect the 
symmetry of airflow over the cowl; (5) tests should be 
run at several angles of attack from the stalling angle of 
the lower surface to the stalling angle of the upper surface, 
unless the design is such as to insure symmetrical flow; and 
(6) at each angle tests should be made with power on and 
power off at several tunnel speeds, including the terminal 
velocity of the airplane. It is possible that the last require 
ment can be eliminated if future research should determine 
that cowl loads are always higher with power off than 
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with power on for all cowl sizes, and that the cowl loads 
are always decreased after the critical velocity of the ex 
ternal flow is reached. In any event, the difficulty of hous 
ing a large number of pressure tubes and an adequate 
motor inside a small model cowl, the uncertainties due to 
scale effect, and the expense of the model and test program 
are disadvantages which preclude the general use of this 
test method for each new airplane design. 

Probably the most accurate method of determining cow! 
loads is to take pressure-distribution measurements on the 
actual cowl in a full-scale wind tunnel, using the actual 
engine, baffles, propeller, and the forward portion of the 
body or wing. The test program required is the same as 
just outlined for scale model tests, but the errors are largely 
eliminated. The principal uncertainty is the behavior ot 
the pressures at very high speeds which, for the present 
at least, cannot be attained by full-scale tunnels. Obviously 
this test method is out of the question for most airplane 
manufacturers. 

The third method, taking pressure measurements on the 
cowl of the actual airplane in flight, can be used in two 
ways. The probable strength requirements for high speeds 
can be determined by testing at moderate speeds not likely 
to cause failure. After satisfactory strength is assured, 
the pressures can be measured at actual diving speeds to 
secure data for future designs. This method, like the 
others, is rather expensive, considering the amount of 
flying involved, the cost of special equipment for measur 
ing angle of attack and recording a large number of 
pressures simultaneously, and the mutilation of the cowl 
ing by the pressure orifices. Moreover, it involves con 
siderable delay at a time when most experimental airplanes 
are behind delivery schedule, and it is impossible to con 
trol the test conditions as closely as in the wind tunnel. 

It is apparent that it is hardly practical to secure sufh 
cient experimental data to permit an exact stress analysis 
of every new engine cowl. Fortunately, an exact analysis 
is not necessary, since the weight to be saved thereby, as 
compared with an approximate but conservative analysis, 
is not very great. Even in the stress analysis of wings, 
it is common to make certain approximate assumptions re 
garding the applied loads. If complete pressure tests as 
just described were available for several representative cow] 
designs of various diameters, it would be possible to plot 
comparative curves and determine with considerable pre 
cision the air loads imposed on any cowl having contours 
similar to one of those tested. It is to be hoped that the 
excellent full-scale tunnel work on engine cowls being 
done by the NACA may be extended to include research 
of this type, and supplemented by pressure distribution tests 
of the same cowl designs in the high-speed tunnel to de 
termine the effect of supersonic velocities. The data 
secured in such tests would be of immediate practical value 
to the industry. 

Of the factors influencing engine cowl surface pressures, 
the chief items remaining in doubt are: (1) the effect of 
yaw on the horizontal sections at angles of attack other 
than zero; (2) the effect of angle of attack on circumferen- 
tial pressure distribution; (3) the effect of propeller slip- 
stream on the surface pressures of large diameter cowls 
and on the circumferential pressure distribution around all 
cowls under unsymmetrical flow conditions; (4) the angle 
of attack at which the upper or lower sections stall; and 
(5) the effect of compressibility on the outer surface pres 
sures. 


While this may appear as a formidable list, the preced 








ing study indicates that, for approximate cowl design pur- 
poses, all these doubtful factors fall into the following three 
classes: (1) those that are probably of minor importance 
and may be covered by suitable safety factors; (2) those 
which can be neglected with structurally conservative re- 
sults; and (3) those which may be allowed for by certain 
assumptions based on theory. Pending publication of the 
results of complete pressure surveys, therefore, a fairly 
satisfactory approximation of the air loads on engine cowls 
may be made on the basis of pressure data presented i 
this paper and in Reference 3, at least for cowls having 
contours similar to those tested. 

Various methods of applying pressure-distribution data 
to the stress analysis of engine cowls will suggest themselves 
to the stress analyst. The forces to be calculated depend to 
a large extent upon the general design of the cowl. The 
detail procedure to be followed in each case will be dic- 
tated by the particular conditions involved and the degree 
of refinement required. As previously mentioned, in most 
instances a high degree of refinement is not justified by 
the potential saving in weight, and the prime considera- 
tion is the assurance of adequate strength. In certain 
cases, however, it may be desirable to calculate the air 
forces as accurately as possible from the data available. 
The method suggested in the following discussion should 
achieve this result. Simpler and more conservative methods 
are suggested later. 


mw Forces To Be Determined 


For a plain unflapped cowl made up of two or more 
sectors in which the skin is continuous from leading to 
trailing edge, it is desirable to ascertain the flight condi- 
tions which give the following forces: (1) maximum total 
pressure intensity at any point on the surface; (2) maxi- 
mum hoop tension at any radial section; (3) maximum 
forward force on the whole cowl or on the section carried 
by any one support; and (4) maximum radial load in any 
one support due to the combined translational force and 
pitching couple. The first two items will usually design 
the skin and reinforcements as well as the joints, while 
the last two usually will be critical for the supports and 
the cowl details attaching it to the supports. 

If the cowl is made up of two or more fore-and-aft divi 
sions, it may be more convenient to subdivide the forces. 
For example, the R-1535 cowl shown in Fig. 8 is made up 
of the nose ring, removable panels, and flaps, the panels 
being interconnected at the joints by means of cover plates. 
For this type of cowl, the principal forces to be determined 
are: (1) maximum total pressure intensity at any point 
on the surface; (2) maximum hoop tension at any radial 
section of the nose cowl; (3) maximum forward force on 
the nose cowl; (4) maximum hoop tension at any radial 
section through the panels; (5) maximum longitudinal 
force on the panels; (6) maximum radial load in the sup- 
ports due to translational force and pitching couple on 
the entire cowl forward of the flap ring; and (7) maxi- 
mum flap hinge moment and hinge reaction with flaps 
both open and closed. 

If the panels are not joined along their edges, the deter- 
mination of the hoop tension in the panel section should 
be omitted, and the maximum total loading on any one 
panel should be calculated for the design of the panels and 
attachments. In some cases it may not be worth while to 
determine the longitudinal force on the nose ring and 
panels separately, particularly if the flap support ring must 
derive most of its fore-and-aft strength from the nose ring 
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through the panels. In any case, the effect of the loads in 


each section upon the adjacent sections must be considered. 


mw Determination of Worst Flight Condition 


In determining the flight conditions producing these 
maximum loads, every probable operating condition con 
sistent with the design and purpose of the particular air 
plane should be considered. For a given engine-propeller 
baffle-cowl combination, the chief variables influencing the 
air loads are air speed, angle of attack, flap setting, and 
horsepower absorbed by the propeller. Since flaps are 
designed primarily to provide cooling at low air speeds or 
other severe operating conditions, they are generally closed 
at high speed and during violent maneuvers. The evi 
dence to date indicates that the air loads on the cowl are 
higher with power off than with power on, although it 
has been noted that this is not necessarily true in every 
case. It thus seems apparent that gliding or diving air 
speed and angle of attack are the principal factors affect- 
ing the air forces which are likely to be critical for most 
parts of the cowl. 

The worst symmetrical loading condition occurs at the 
highest gliding speed obtainable with zero a7, provided 
the engine location with respect to other airplane parts is 
such that this angle results in symmetrical airflow over the 
cowl. If power is required to fly at this angle, the loads 
generally will be reduced. For most airplane types, this 
symmetrical loading condition is not likely to be critical, 
because the same or higher speeds may be combined with 
other angles of attack, producing unsymmetrical loading. 

In general, since maximum velocity and maximum angle 
of attack do not occur simultaneously, the critical loading 
condition will result 
factors. 


from a compromise between these 
That is, the worst air loads will usually occur at 
the largest angle of attack attainable in combination with 
maximum speed. For a good many airplane types, this 
combination may be found in the dive pull-out, where the 
positive angle of attack results in maximum loading on 
the upper half of the cowl. In the case of fighting air- 
planes designed for vertical dives to terminal velocity, the 
steady dive may be more severe than the pull-out. During 
the initial stages of the pull-out from a terminal velocity 
dive, the angle of attack must be kept fairly small to avoid 
exceeding the design limitation of the structure or the 
physical capacity of the pilot. On the other hand, the 
vertical dive must be made at the angle of zero airplane 
lift, corresponding to a negative value of ap. 
horizontal gusts are encountered, the effective negative 
angle of attack of the thrust axis may be increased con 
siderably. This condition, 


In case 


combining maximum velocity 
with a considerable negative angle of attack, probably gives 
the most severe air loads likely to be imposed on the engine 
cowl. In this case, of course, the highest loading occurs 
on the lower half-of the cowl. The airspeed and angle 
of attack which combine to produce the highest cowl 
loads will hereafter be referred to as the design speed and 
the design angle of attack. 

Since it is desirable to maintain the same construction 
throughout the circumference of the cowl, this condition 
of unsymmetrical loading at high velocity will design most 
parts of the cowl, whether the loading is highest on the 
upper or lower half. It should be noted, however, 
the flaps must be investigated for two conditions. In the 
high-speed conditions which are critical for other cowl 
parts, the flaps are closed, and the flap hinge moments 
tending to open the flaps are at a maximum. When the 


that 
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flaps are open, the hinge moment tending to close the 
flaps becomes a maximum, and the bursting forces over 
the rear of the skirt become collapsing forces. The flaps, 
flap controls, and cowl skirt should therefore be investi- 
gated for the flap-open condition at the highest speed at 
which open flaps are permitted, in addition to the high- 
speed condition with flaps closed. This dual design con- 
dition is illustrated in Fig. 21 for the R-1535 engine cowl. 

Data on flap hinge moments, based on the R-1535 engine 
cowl tests, have been presented in Reference 2. In apply- 
to flap design, it should 
be kept in mind that the hinge moment curve is based 
on pressure measurements on a cowl having an exit con- 
ductivity Ko larger than the engine conductivity K. Some 
discretion should be used in applying these data to cowls 
where the flaps, in the retracted position, close or nearly 
close the exit slot. 


ing the data from Reference 2 


In that case, the moments tending to 
open the flaps would be considerably higher for small flap 
angles than those shown on the curve, because of the 
increased internal pressure aft of the baffles. In fact, the 
bursting pressure for the whole cowl! skirt would be higher 
for a very small exit conductivity than for the same cowl 
tested at a normal value of Ko 


m Construction of Average Loading Curves 


After the design air speed and design angle of attack 
have been determined, the next step is to construct and 
integrate the average total pressure curves for the upper 
and lower halves of the cowl. A cowl section should first 
be selected, either from this paper, from Reference 3, or 
from other sources of pressure-distribution data which may 
later become available, whose contour is most nearly 
identical with that of the cowl being designed. If the outer 
surface pressure distribution curve for this cowl has been 
measured at the top centerline at zero a7, it may be trans- 
ferred to the new cowl directly by multiplying the values 
of p/q at a number of points by the value of g, in lb per 
sq in., corresponding to the design air speed. Assuming 
that the cowl is of circular cross section and that zero ap 
results in symmetrical airflow, this curve represents the 
pressure distribution which would exist throughout the cir- 
cumference at the design airspeed and zero ar. 

If the pressure-distribution curve for the test cowl has 
been measured at an angle of attack other than zero, it 
should be corrected to zero a by applying correction 
factors from Fig. 19. For example, if the Wasp cowl pres- 
sure curve, which was measured at 1.3 deg, is being 
used, it should first be plotted on the new cowl outline as 
before, but it is not the true distribution at zero ap. For 
five points along the chord, the correction factors for a 
deg decrease in 2p should be read from the curves of 
Fig. 19 and the pressures at corresponding points on the 
new cowl chord should be divided by these correction 
factors. 


1.3 


A new curve should be drawn through these 
corrected points, but otherwise having the same form as 
the first curve. The resulting curve is displaced in a nega- 
tive direction and represents, as nearly as possible consider- 
ing the approximate nature of the correction, the true 
pressure distribution that should have been present if the 
test cowl had been tested at zero ap. It also represents the 
pressure distribution, in lb per sq in., for the new cowl at 
design speed and zero @p. 

Under the approximate assumptions previously made re- 
garding circumferential pressure distribution, the rest of 
the procedure may be outlined briefly as follows. The 
method described applies to positive design angles of at 
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tack. For negative angles, references to the upper half 
are simply transposed to the lower half, and vice-versa. 

(1) The pressure distribution curve for design speed 
and zero &7, as described above, should be plotted at both 
the upper and lower centerlines. This curve is assumed 
to represent the pressure distribution throughout the cir 
cumference at zero “7 and at the horizontal centerlines at 
all values of a-. 

(2) From the five curves of Fig. 19 read the correction 
factors for a change in angle of attack equal to design ar. 
If the design is such that symmetrical airflow may be as 
sumed at a7, the value of /\a,7 in Fig. 19 may be taken as 
design zp. If not, some allowance should be made for the 
probable angle of symmetrical flow. The correction factors 
from the upper curves of Fig. 19 should be applied to the 
zero &%p curve for the upper centerline of the cowl, and 
those from the lower curves to the curve at the lower cen 
terline. At corresponding chord locations on the new 
cowl, multiply the pressures at zero ap by the correction 
factors and plot new curves through these points. At the 
top of the cowl, the curve for design ap will be displaced 
in the negative direction with respect to the curve for zero 
a7, While at the bottom the reverse is true. The two 
curves at the top now represent the pressure distribution at 
the horizontal centerline and at the top centerline at 
design speed and design angle of attack, neglecting the 
effect of yaw on the horizontal sections. 
curve midway between these two curves. 


Construct 
This curve rep- 
resents the approximate average pressure distribution over 
the outer surface of the upper half of the cowl at design 
speed and ap. Construct the corresponding curve for the 
lower half in the same way. 

(3) Construct the inner surface pressure-distribution 
curve in lb per sq in. at design speed to the same scale as 
the outer surface curves. For most cases where close baffles 
are used, it may be assumed that this curve is not affected 
by angle of attack. In plotting the inner surface pressure 
curve from the corresponding curves for test cowls, relocate 
the sharp break in the curve, if necessary, to coincide with 
the baffle location in the new cowl. Any pronounced dif 
ferences in exit conductivity should be allowed for. For 
example, if the exit slot is very small with flaps neutral, 
the inner surface pressures aft of the baffles should be 
increased accordingly. 

(4) To both of the outer surface pressure 
curves add vectorially the inner surface pressure curve. 


a 


average 


The two resulting curves are the average total pressure 
curves for the upper and lower halves of the cowl. 

(5) Integrate the average total pressure curve for the 
upper half to determine the maximum hoop tension in the 
cowl. Also integrate the curve for the lower half for hoop 
tension. Twice the difference in hoop tension as calculated 
from these two curves gives the vertical translational force 
which must be carried by the radial cowl supports. 

(6) Integrate the average total pressure curve for the 
upper half to determine the maximum longitudinal force 
or forward drag load. As a rule this force, in combination 
with the radial load from paragraph (5), will design the 
supports. If desired, the average total pressure curve for 
the lower half may be integrated and the longitudinal force 
added algebraically to that on the upper half to obtain the 
total longitudinal force on the entire cowl. In some cases 
it may be advisable to calculate the pitching couple due 
to the unsymmetrical longitudinal forces and combine it 
with the vertical translational force in order to determine 
the design loads in the cowl supports. 








a Integration of Average Pressure Curves 


In integrating the total pressure distribution curve for a 
complete cowl or the average total pressure curve for either 
half, any one of several methods may be used. The fol- 
lowing is probably one of the most convenient: 

Referring to Fig. 22, the following symbols are used: 
total pressure at any point on the cowl surface, 

lb per sq in. 


R = radius of the point, in. 

X = distance of the point from the leading edge, in. 

© = slope of the cowl surface at the point, deg. 

T = total hoop tension at any radial section, lb. 

F = total longitudinal force on the cowl or half cowl, 
lb. 

L = chord length, in. 


The force on an element of length ds and unit width is 
Pds. The radial component of this force is Pds cos © or 
Pdx and the horizontal component is Pds sin © or PdR. 
For a cylinder subjected to internal pressure, the tension 
in the shell is equal to half the product of the pressure 
times the projected area, that is, for unit length, T = 
PD/2 = PR. For the cowl element of length ds, there 
fore, 


dl = PRdx (11) 


The horizontal force acting upon the same element, how- 
ever, is equal to the product of the force per unit width 
times the circumferential length of the element. If the 
curve being integrated applies to the entire circumference, 
the length of the elemental zone is 27 
to a half cowl, the length is <R. 
the element is then 


and, if it applies 
The horizontal force on 
dF = 2xPRdR (12) 
for the entire circumference or half this value for half the 
circumference. 

The total hoop tension at any radial section is 


L 
/ PRdx 
oO 


Since this force is based upon the projected area of the 
cowl, it is the same regardless of whether the pressure 
curve is being integrated for the entire cowl or for half the 
cowl. The total forward force, if the curve applies to 


the complete cowl, is 
R, 
J ~ PRdR 
R, 
where R; and Rz» are the radii at the leading and trailing 


edges of the cowl surface. 
half this value. 


T = 


(13 


=2fr 


For a halt cowl, the force is 


In making these integrations, it is convenient to select 
an adequate number of points along the cowl surface and 
for each point tabulate P, R, (PR), and x. From the 
tabulated data, two curves may be plotted as shown in 
Fig. 22. PR is plotted against X, from o to L, and the 
area under this curve, which may be measured with a 
planimeter, gives the hoop tension in the cowl section. PR 
is also plotted against R, from R, to Re, and the area under 
the curve is measured with a planimeter. 
multiplied by 


This area is 
for the total forward force on an entire 
for the force on a half cowl. 

As previously suggested, in the case of certain cowl 
designs such as the R-1535 cowl used in these tests, it may 
be desirable to determine independently the hoop tension 
in the nose, panel, and flap sections. This may be done 
by dividing the curve of PR versus x’into three zones by 
vertical lines at values of x corresponding to the leading 


iced 


mie 


cowl or by 
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m Fig. 22—- Computation of cowl loads from pressure distribution 


The areas 
under the three sections of the curve may then be mea 


and trailing edges of the removable panels. 


sured separately to obtain the hoop tension in the nose ring, 
removable panels, and flaps. 

The longitudinal forces for the various parts of the cow] 
may be determined separately in the same way. As 
previously noted, however, the nose ring usually carries 
most of the longitudinal force from the other parts, so it 
is generally sufficient to determine the net force on th: 
whole cowl or half cowl and assume that the nose ring 
supports carry it all. 

In order to assure a conservative analysis, it is recom 
mended that suitable safety factors be applied to the loads 
computed by this method. The curves of Fig. 15 indi 
cate that throttling the engine at constant air speed maj 
increase the pressures at some points as much as 17‘%. 
The errors involved in the assumptions regarding circum 
ferential pressure distribution may also be as great as 15 
or 20%. For an analysis based upon a full-scale wind 
tunnel test without propeller, a safety factor of about 1.25 
is suggested. For analyses based on full-scale tunnel tests 
with power on, flight tests with power on, or any small 
scale wind-tunnel test, a factor of 1.5 may be advisable. 
These safety factors should be used in addition to the 
detail design safety factors specified. 
may be found 


In certain cases it 


more cony enient to consery atiy e 


design angle instead of a safety factor. 


use a 


ms Conservative Approximate Methods 


The foregoing procedure is recommended only for fast 
diving military aircraft where it is desirable to estimate the 
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air loads as closely as possible in order to insure adequate 
strength without excessive cowl weight. For other types 
not intended for aerobatics, the process may be consider 
ably shortened by making conservative assumptions. 

For example, a transport airplane is not subjected to 
violent maneuvers, but the engine cowling must be reason- 
ably rugged to withstand the handling incident to frequent 
inspections and servicing. In this case it is doubtful if 
any important weight saving could be made by an accurate 
determination of the air loads on the cowl, but it is essen- 
tial to make sure that the strength is adequate. A simple 
but conservative analysis may be made as follows: (1) take 
the maximum value of p/q from the outer surface pressure 
curve of a similar cowl and correct it, by means of the 
curves of Fig. 19, to the highest angle of attack likely to 
occur at or near maximum gliding speed; (2) add the 
maximum value of p/q from the inner surface pressure 
curve of the test cowl; (3) convert the total P/q to |b per 
sq in at the value of q for the design speed; and (4) apply 
this pressure throughout the entire chord and circumfer 
ence. This is conservative for all the cowl parts except 
the supports resisting the vertical translational force and 
pitching couple. For the design of these parts zero pres 
sure may be assumed on one-half of the cowl while the 
above loads are applied to the opposite half. 

For aircraft intermediate between the fighting and trans 
port types, various less conservative simplifying assump 
tions may be employed, depending upon the degree of 
refinement required. For cowls having contours similar 
to those of the flight-test cowls described in this paper, an 
easy method is to take the loads imposed on these cowls, 
which are calculated below, and apply them directly to 
the design of the new cowls, using appropriate safety 
tractors. 


mw Calculated Loads on Flight-Test Cowls 


The air loads on the three flight-test cowls at 400 mph 
indicated airspeed and 15 deg ap have been calculated 
by the method just outlined. This design speed was se 
lected because it lies in the range of terminal velocities 
attained by current fighting airplanes but below the range 
where supersonic velocities in the external airflow are 
likely to occur. 

The design angle of —15 deg was chosen as a very con 
servative value in order to show the magnitude of the 
forces which may occur in extreme cases. The actual steady 
dive angle for most modern fighters is much smaller than 
this. For example, if a Clark Y airfoil is used, the zero 
lift angle is about 


5 deg and it would usually be set at 
about 


1 deg to the thrust line, giving about —4 deg for 
% at zero wing lift. Since the wing must produce enough 
lift to balance the loads on the tail, cowling, and fuselage, 
xr might be increased another degree or so, to about 3 
deg. If an additional —3 deg is added to allow for mo 
mentary increases in %p due to horizontal gusts, the design 
angle for ordinary cases would be about —6 deg. In 
extreme cases, however, where the airfoil has a zero lift 
angle of —g deg and is set at +-2 deg to the thrust line, 
allowing 5 deg for a 50 fps horizontal gust produces a 
design angle of —16 deg. Since test data are available up 
to —15 deg this design angle is used in the calculations. 
It should be kept in mind, however, that this is merely for 
conservative cowl design, since a negative angle of this 
magnitude could never be maintained in a steady vertical 
dive because of the negative lift of the wing. 
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In order to illustrate the suggested design method, the 
calculations of the loads on the Wasp engine cowl are 
given in detail. The data required in the calculations are 
listed in Table 1 and the required curves are constructed 
in Figs. 23, 24, and 25. In Table 1, the values of the 
radius, R, and distance along the chord, x, are listed in 
columns (2) and (3) for the leading edge, trailing edge, 
and pressure orifice locations as shown in column 1. Col- 
umn 4 gives the internal pressures, p;/q. The outer surface 
pressures, p,/qg, at —1.3 deg are scaled from the solid curve 
of Fig. 9 and listed in column 6. Columns 5 and 7 are 
obtained by multiplying columns 4 and 6, respectively, by 
3.046, which is the value of q in lb per sq in. for an indi 
cated speed of 400 mph. 

Column 5 is plotted as curve 5 in Fig. 23. This internal 
pressure distribution is assumed to act over the entire cir 
cumference at all angles of attack. Column 7 is plotted 
as curve 1 in Fig. 23 and represents the outer surface pres- 
sure at the top centerline at —1.3 deg ap. In order to 
determine the symmetrical pressure distribution that would 
exist at zero ap, this curve is corrected for an angular 
change of 1.3 deg from the data given in Fig. rg. It is 
assumed that zero ap results in symmetrical airflow. 

The correction factors are taken from the lower ends of 
the upper set of curves of Fig. 19, which show that when a, 
is less than the angle of symmetrical flow, the values of 
Pa’ Ps tor the upper centerline are less than unity. To cor 
rect from a negative angle to zero angle, the pressures are 
divided by the correction factors read from the curves for 
the test angle. The correction factors and corrected pres 
sures for 5 points along the chord are as follows: 

Pressure at 


Location on this point 


Chord Curve 1 p at 0 deg, 
a In. Ibpersqin. pa/ps lb per sq in. 
1 56 1.35 +0) 90 OS —1.138+0.90= —0.23 
16.73 $94 —3.90 0.8 —4.88 
30.40 8.97 —2.70 0.85 —3.18 
52.50 15.50 —().80 0.3 —? 67 
82.90 24 .50 +0) .45 0.5 —().90+0.45= —0.45 


These corrected pressures are plotted as shown by the 
encircled points on curve 2, and curve 2 is drawn through 
these points, maintaining the form of curve 1 as much as 
possible. It will be noted that the point at 52.5% chord 
has been ignored because, if used, it would result in an 
obviously excessive spread between the curves at this point. 
This excessive correction is due to the fact that the contour 
of the Wasp cowl and the form of its pressure distribution 
curve are somewhat different from those of the wind-tunnel 
cowl from which Fig. 19 is derived. Correcting the pres- 
sure curves for one cowl from data obtained in tests of 
another cowl is only an approximation at best, but it is 
the only procedure that can be employed until further 
experimental data become available. Curve 2 represents 
the approximate outer surface pressure distribution around 
the entire cowl circumference at 0 deg a7, and is assumed 
to represent the outer surface pressure distribution at the 
horizontal centerlines at all angles of attack. Curve 10, 
the total pressure curve for symmetrical loading at o deg, 
is obtained by adding curves 2 and 5. Values of P cor- 
responding to the orifice locations are scaled from curve 
10 and tabulated in column 12 of Table 1. 

The outer surface pressure curves for the top and bot- 
tom centerlines at —15 deg are obtained from curve 2 by 
means of correction factors from Fig. 19 as follows: The 
upper set of curves of Fig. 19 show the pressure changes at 
the top centerline for increasing angle of attack while the 
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a Fig. 23 -Construction of average total pressure curves — Wasp 
engine cowl — Design speed, 400 mph; 2, — — 15 deg; bursting 
forces plotted outward 


|. Pressure curve at upper centerline at — 1.3 deg @, outer surface 
2. Pressure curve for entire circumference at 0 deg 4, outer sur 
face 

3. Pressure curve at upper centerline at— 15 deg @, outer surface 

4."Average outer surface pressure curve for upper half 5 de 
ap 

5. Inner surface pressure curve for entire circumfer 
angles 

6. Pressure curve for lower centerline at — 15 deg @, outer surfa 

7. Average outer surface pressure curve for lower 15 deg 
ap 

8. Average total pressure curve for lower half —15 dea a 

9. Same, upper half 

10. Total pressure curve for entir umterence atOa 1 





lower curves show the corresponding changes at the lower 
centerline for the same increase in angle of attack. Since 
the design angle is negative, the correction factors for the 
lower centerline are taken from the upper set.of curves, 
and vice-versa. Negative values of p,/pg indicate that 
negative outer surface pressures have become positive. 

At Upper 

Centerline 


At Lower 
Centerline 
Location on 


Pp P 

Chord p at —15 at —15 

Q In. at Odeg. pa/ps deg Pa/ Ps deg 
4.56 1.35 —0.23 —2.0 +0.46 5.3 — 1.24 
16.73 4.94 —4.88 —0.7 +3.42 2.6 —12.70 
30.40 8.97 —3.18 —0.7 +2.23 5.0 — 15.90 
52.50 15.50 — 1.50 —2.7 +4.05 15.9 — 23.80 
82.90 24.50 —(0).45 —4.3 +1.93 28.5 — 12.80 
These pressures are plotted as shown by the x marks 


in Fig. 23 and curves 3 and 6 are drawn through them, 
again ignoring the points for 52.5% 4, 
drawn midway between curves 2 and 3, represents the 
Add- 


to curve 4 gives curve 9, the average total 


chord. Curve 


+ 


average outer surface pressures over the upper half. 
ing curve 


5 
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pressure curve for the upper half. 
curve 


For the lower half, 
7 is drawn midway between curves 2 and 6, and 
curve 5 is added to curve 7 to obtain curve 8, the average 
total pressure distribution over the lower half. The pres 
sures at the orifice points are scaled from curves 8 and 9 
and tabulated in columns 8 and ro of Table 1. 
of PR in columns 9, 11, and 12 
respectively, by column 

In Fig. 24, curves of PR versus x are plotted for the 
upper and lower halves of the cowl at 
the symmetrical loading at o deg. 


: 


The values 
are obtained by multiply 


ing columns 8, 10, and 12, 


+ 


15 deg and for 
The areas under these 
curves were measured with a planimeter and the hoop 
tensions were determined from the areas and the scale of 
the drawing as shown in Fig. 24. For symmetrical flow 
conditions at 400 mph, the hoop tension at any radial sec 
tion was found to be approximately 2906 |b. 


At 400 mph 
and 


15 deg a, the hoop tension at the horizontal center 
line due to the loading on the lower half is approximately 
7018 lb. The corresponding hoop tension due to the upper 
half is 1437 lb, giving a translational force on the cowl of 
2 (7018-1437) or 11,162 lb downward. 

This large translational force is the result of the con 
servative design angle assumed for cowl design purposes. 
In the case of a 5000-lb airplane, the wing would have to 
develop a lift of over 2W to offset the force on the cowl 
alone, which it obviously could not do at —15 deg. As 
previously pointed out, the actual diving angle would be 
nearer 3 deg, neglecting the effect of gusts. For the 
steady dive, therefore, the dissymmetry of loading on the 
cowl and the translational force would be greatly reduced. 
The loads on the cowling, tail, and other airplane parts 
would be balanced by the wing lift at the angle of zero 
lift for the complete airplane. Although the loads at —15 
deg are rather high, it should be remembered that this 
angle was chosen to cover extreme cases. Under usual 
conditions, the design angle need not be much more than 
—6 deg. 

In Fig. 25, curves of PR versus R are plotted for the 
same loading conditions. The areas under the curves were 
measured with a planimeter and multiplied by appropriate 
constants, Fig. 25, the forward 
The forward force on the entire cowl at 400 mph 
and zero %p was found to be approximately 5610 lb. The 
forward forces on the lower and upper halves at 400 mph 
and —15 deg were 3813 and 1716 lb, respectively, giving a 
total forward force of 


as shown to obtain 


in 
forces. 


—¢ tp | 


5529 lb. 

The principal forces on the other two flight test cowls 
were calculated by the same method for the same speed 
and the same angles. The results of the calculations for 
all three cowls are tabulated in Table 2. 

Table 2 is a summary of all the calculated forces for the 
three flight-test cowls. Section | the cal 


culated from the total pressure curves for the three flight 


shows forces 
test cowls (R-1535 at zero flap setting), assuming that the 
pressure distribution actually measured in flight is applied 
symmetrically around the entire circumference. The in 
tegration was performed by a different method from the 
one just described. was divided into 
small zones by vertical lines through each pressure orifice. 


The cowl surface 
The pressure vectors were resolved graphically into their 
horizontal and vertical components and the average of the 
components at the edges of each zone was taken as the 
horizontal and vertical force on the zone. The average 
vertical force on each zone was multiplied by the projected 
area of the zone and half the summation of the vertical 
forces on all the zones was taken as the hoop tension. 
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Table | — Calculation of Air Loads on Wasp Engine Cowl at 400 MPH 


Po at 
400 
mph. 
at 
pi at Po/W —1.3 
400 at deg 
mph, —1.3 ar 
lb per deg lb per 
Orifice  R, in r, in. pi/q sq in. ar sq in. 
(1) (2 (3) (4 (5 (6) (7) 
L.E. 16.00 0.00 +0 .98 +2.98 
l 16.75 0.04 +0 .98 +2 .98 +1 .231 +3.75 
P| 18 .22 0.30 +0.98 +2 .98 +1.012 +3 .04 
3 19.66 0.75 +0.98 +2.98 +0 .667 +2 .03 
4 21.02 1.3] +0 .98 +2 .98 +0.105 +0 .32 
5 22 .30 2.03 +0 .9S +2 .98 —0.16 —(0).49 
6 23 .50 2.91 +0 .98 +2.98 —(0.67 —2.04 
it 24 .52 t Of +0 .98 +2 .98 —1.15 —3.50 
& 25 .32 5.25 +0 .98 +2 .98 —1.30 —3.96 
9 25.80 6 .66 +0 .98 +2 .98 —1.26 —3.84 
10 26.10 8.09 +0 .9S8 +2 .98 —1.00 —3.05 
1] 26 . 34 10.09 +0 98 +2 .98 —0.74 —2.25 
12 26 .46 12.08 +0.98 +2 .98 —0.57 —1.74 
—12A 26.50 13.32 +0 .98 +2 .98 
+12A 26.50 13 .32 +0 .494 +1.50 ; 
13 26.50 16.08 +0 .494 +1 .50 —0.212 —0.64 
14 26 .42 20.08 +0 .494 +1.50 —0.038 —Q.12 
15 26.3 22 .68 +0 .494 +1 .50 +0 .0O80 +0 .24 
16 26 .24 4 84 +0 .494 +1.50 +0 .169 +0.51 
17 26.18 26.78 +0 .494 +1.50 +0 .235 +0.72 
1S 26 .09 28 .81 +0 .494 +1.50 +0 .245 +0.75 
T.E. 26.04 9 56 +0 .494 +1.50 . 


The average horizontal force on each zone was multiplied 


by the area of the zone and the total horizontal forces on 
each zone were added algebraically to obtain the net for 
ward force on the cowl. It is believed that this method 
would give the true loads within about 25 Ib, neglecting 


skin friction, if the test curve integrated actually repre 
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Upper Half at Lower Half at Both Halves at 


—15 deg ar —15 deg ar 0 deg ar 

P P P 

From From From 
Curve (PR), Curve (PR), Curve (PR) 

9, lb 8, lb 10, lb 
lb per per lb per per lb per per 
sq in. in. sq in. in. sq in. in. 
(8) 9) (10 (11) (12) (13) 
0.25 4.00 0.45 7.20 0.20 3.20 
0.50 8.38 0.65 10.90 0.45 7.538 
1.10 20.05 |. 23 .65 1.10 20.00 
2.10 41.25 2.50 49 10 2.05 40 .30 
2.90 61.00 3.40 78 .80 3.20 67 .30 
2.85 63 .50 5.40 120.50 4.55 101.50 
3.00 70.50 7.80 183 .50 6.00 141.00 
3.50 85.80 10.20 250 .00 7.20 176.50 
3.70 93 .60 12.40 314.00 7.95 201 .00 
3.40 96 .70 13.10 338 .00 7.50 193 .50 
3.00 92.70 12.95 338 .00 6.50 169 .50 
3.30 87 .00 12.00 316.00 5.70 150.00 
3.00 79.40 11.25 297 .50 5.10 135 .00 
2.85 75.50 10.95 290 .00 4.80 127 .20 
1.35 35.80 9.40 249 .00 3.35 88.80 
1.15 30 .50 8 .90 236 .00 2.80 74.20 
0.90 23 .80 8 .50 224 .50 2.30 62.10 
0.80 21.10 8.30 218 .50 2.10 55.30 
0.70 18.40 8.15 214.00 1.90 49 .80 
0.65 17 .00 8 .00 209 .50 1.75 45 .80 
0.60 15.65 7.90 206 .00 1.65 43 .00 
0.60 15.62 7.85 204 .50 1.65 43 .00 


test curves, however, were all measured at the top center 
line at negative angles, hence the actual loads are higher 
than those shown for the test speeds in Section I. 

Section II of Table 2 shows the calculated forces at the 
test speeds and at zero ap. The forces shown in Section II 
are obtained from Section III by multiplying the forces by 


a1/q2z, where q; is the dynamic pressure at the test speed 
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Table 2 — Calculated Forces on the Flight Test Cowls 


. Wasp Hornet R-1535 
I. Loads from Actual Total Pres- 
sure Curves (For example, 

Fig. 21) at Test Speed and 

Test Angle, Assuming this 

Pressure Distribution Acting 

on Entire Circumference. 


Test Speed, mph........... 160 167 160 


Test Angle, ar, deg. a —1.30 —1.30 —0.90 
P, Maximum Total Pressure 
at any Point on Surface, lb 
ati v's das cu ds 1.05 1.06 0.591 
eae 228 212 1.285 
T, Hoop Tension at any 
Radial Section, lb......... 355 374 173 
F, Total Forward Force on 
UMM oe a esas ex dala aie 680 557 325 
II. Loads at Test Speed and 0 deg er 
A gS 1.20 1.204 0.625 
0 RE, a Ee a a 2.61 2.405 1.36 
SS a ee 440 413 189 
NE a Fes Bek nny sw klk o's 850 638 345 


IIT. Loads at 400 mph and 0 deg ar 
A See 7.95 7.32 4.14 


OS Sa ae eer 2.61 2.405 1.36 
pa 2906 2510 1250 
Se Sc sn a vee 5610 3883 2280 
IV. Loads at 400 mph and — 15 deg ay 
a ge ere 19.00 27.30 11.84 
UMM By Tone we cs ib a ales 6.24 8.95 3.89 
T:, Hoop Tension Due to 
Loads on Lower Half, lb... 7018 7132 2789 
T., Hoop Tension due to 
Loads on Upper Half, lb... 1437 S80 818 
Translational Force on Cowl, 
Bite ee Tel M,. cxisancxs, YEG 12,504 3,942 
F,, Forward Force on Lower 
SE ke tccanisascs  OObe 2298 1946 
F,, Forward Force on Upper 
MN oe ove asd ads s eee 1716 754 714 
F, Forward Force on Entire 
MIEN 0s occ sc0iceec aes 5529 3052 2660 





and qe is the dynamic pressure at 400 mph. The correc- 
tion to zero &p was made in plotting the symmetrical load 
curves for 400 mph. Sections III and IV list the approxi- 
mate forces for 400 mph at o deg and 400 mph at —15 deg 
as calculated by the suggested method from the areas under 
the PR curves. 

It will be noted that the maximum pressure intensity P 
and the hoop tension T are greatly increased by unsym 
metrical flow conditions. -In two out of three cases the 
total forward force for the whole cowl is less for unsym- 
metrical than for symmetrical flow, but the forward force 
on the highest loaded half is always largest in the unsym- 
metrical condition. 

As regards the effects of the cowl forces on airplane bal- 
ance, the positive pitching moment due to the forward 
force on the lower half offsets to some extent the negative 
pitching moments due to the forward force on the upper 
half and the vertical translational force. The net effect, 
however, would appear to be a destabilizing moment about 
the center of gravity. Although the net pitching moment 
is probably not very great at the small angles involved in 
ordinary flight disturbances, it is possible that the cowl 
may tend to promote longitudinal instability in small, fast 
airplanes, particularly if the engine is located well forward 
of the center of gravity. 

While the forces shown in Table 2 are admittedly ap- 
proximate, those in the first three sections should be fairly 
accurate, since they involve only small corrections based on 
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assumed circumferential pressure distribution. 


The forces 
in Section II show reasonable and consistent increases over 
those in Section I, which were calculated for a lower angle 
by a different method. Those listed in Section IV are 
most liable to error, since they include large corrections 
based upon Fig. 19, the limitations of which already have 
been discussed. In using these forces in the design of new 
cowls of similar contour, it is probable that the conserva 
tive design angle would make it unnecessary to apply the 
safety factors previously recommended. In using forces 
from Sections II or III, however, a safety factor of about 
1.5 should be used because they are based upon tests with 
power on and no conservative assumptions have been made 
in their calculation. 


Conclusions 


In summarizing a study which is, of necessity, incom 
plete, it may be as important to include the important 
points which remain undetermined as to set forth the 
facts that have been established. On this basis, the results 
of this preliminary work indicate the following con 
clusions: 


(1) Where the external airflow is 
the local velocities are below. the 


bulent and 
speed of sound, and where th 
conductivity of the engine-bafle combination is ind 
speed, the surface pressures and hence the aerodynamic forces on 
an engine cowl without propeller ar¢ 
pressure of the free air stream. 
(2) Where the local velocities in the 
speed of sound, the relation betwen 
is not definitely known, but it i: 
severe above the critical speed. 
(3) Tests to date on R-1535 and Wasp engine 
the aerodynamic forces are higher with power off than with power 
on. Whether this 1s also the 
remains to be determined. 


essential] 


non-tur 
pendent of au 
proportional to the dynami 


external airflow exceed th 


pressures 


air speed and surface {| 
likely that the air loads are less 


cowls show that 
t | | rer-diamet 5 
CAasC with largycr-aqiamecter COW 


(4) For a given engine-cowl installation, the largest forces occur 
at the lowest conductivity of the engine-bafifle combination. 

(5) Where cowl flaps are used, the bursting and forward di 
loads are highest with flaps closed. The 
on the cowl skirt occurs with flaps open. 

(6) At positive angles of attack of the thrust axis, the unsym 
metrical pressure distribution results in an increase in t 
namic loads on the upper half of the cowl and a 
lower half, compared with the 


av 
] 
maximum collapsing torce 


le acrody 
decrease on the 
forces existing under 


ymmetrical 
flow conditions. This unsymmetrical loading 


produces an upward 
translational force and a pitching couple which must be resisted by 
the cowl supports. 

(7) At positive angles of attack, the combination 
horizontal sections and slipstream twist may also 
translational force and a horizontal couple. 

(8) The exact nature of the circumferential pressur 


of vaw at th 


produce a lateral 


distribution 


around engine cowls under unsymmetrical flow’ conditions 1 
unknown. 
(9) The most severe cowl forces occur at the largest angle of 


attack obtainable at maximum velocity. 

(10) The calculated air forces on the flight-test cowls for 
mph vertical dive indicate that the loads encountered 
neuver may reach respectable magnitudes. 


a 40 
in this ma 


(11) In the case of small, fast airplanes, particularly if the 


engine 
is located well forward of the center of gravity 


, there is possibility 


that the forces on the engine cowling may produce a tendency toward 
longitudinal instability, 
(12) The results indicate that the subject is worthy of further 


investigation. 


In conclusion, the writer wishes to acknowledge his 
indebtedness to Rex B. Beisel of Vought-Sikorsky Divi 
sion (formerly Chance Vought Division), United Aircraft 
Corp., for permission to use their flight-test data, and to 
A. E. Raymond of the Douglas Aircraft Co., who con 
tributed his company’s wind-tunnel results. He also grate 
fully acknowledges the assistance of William C. School 
field and James M. Shoemaker of Vought-Sikorsky, and 
C. E. Pappas of Republic Aviation Corp., in the form of 
valuable suggestions and friendly criticism. 
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THE CONTROL OF SMOKE 
in the Automotive Diesel 


by W. W. MANVILLE, G. H. CLOUD, 
A. J. BLACKWOOD, W. J. SWEENEY 


Standard Oil Development Co. 


HE acceptance of diesel engines as automotive power 

units in this country, particularly for bus service, has 
been retarded to a considerable extent because of the asso 
ciation of smoky exhausts with the compression-ignition 
engine. If municipal regulations applying to bus operation 
were as strict in this country as they are in England, there 
might well have been no real necessity to write this paper 
and there would presumably be no acute smoke problem. 
Under such circumstances there would, in all probability, 
be more diesel buses on our streets today, and the fuel 
marketers would be a great deal nearer to some degree of 
standardization of fuel specifications such as now exist for 
gasolines. In London the buses are not allowed on the 
streets if they are smoking, and naturally there is no active 
complaint. Kerosene sells at a premium in that area, and 
a solution other than by fuel selection was necessitated. 
Today the London buses are noted world wide for cleanli 
ness of operation, and they commonly use fuels which, in 
many instances, would smoke excessively in some buses 1n 
this country. 

What is the answer? Are the English engines so far 
advanced in design over our own engines? Is their main 
tenance procedure superior to ours? Do they have access 
to fuels of such superior ignition quality that the smoke is 
controlled in that way? These questions are typical of the 
many that both diesel-engine builders and petroleum tech- 
nologists in this country have been asked time after time 
in recent years. Certainly there exists a rather critical diesel 
engine bus smoke problem in certain areas in this country, 
which has been solved in England, and there must be a 
reason why this is so. 

It is not surprising that, when kerosene was found to 
improve markedly the condition of a smoky exhaust in this 
country, engine builders and users immediately demanded 
lighter fuels for their engines — particularly when it seemed 
that such fuels were readily available in many areas at 
prices comparable to the normal diesel fuels. In order to 
find answers to some of these questions, a study of the pos- 
sible factors controlling smoke has been undertaken. 

At the beginning of the study it was planned to concen 
trate attention on the relationship between fuel properties 
and smoking. However, during the progress of the work, 


{This paper was presented at the Annual Meeting of the Society, 
Detroit, Mich., Jan. 19, 1940.] 
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MPROVEMENT in the control of smoke in the 
automotive diesel engine can be brought about 
by the use of lighter fuels of suitable ignition quality 
in cases where either design, maintenance, or ad- 
justment fail to accomplish the degree of smoke 
control desired, the authors conclude. But this con- 
trol is accomplished by some reduction in power 
and a loss in fuel economy. They suggest taking the 
power loss required for smoke control by means of 
resetting the smoke stop adjustment while retaining 
the advantage from an economy standpoint of the 
higher Btu per gal of the heavier fuel. 


The satisfactory performance of the heavier fuels 
in European bus operation clearly shows that smoke 
control can be effected by other means than resort- 
ing to fuels approaching kerosene in volatility. 


Another finding reported is that the effect of 
cetane number on smoke is less important than the 
effect of volatility, except in cases where the igni- 
tion quality of the fuel is below the minimum de- 
manded by considerations of roughness and cold 
starting. 


The study reported in this paper not only covers 
the relationship between fuel properties and smok- 
ing, but also includes work on the effect of engine 
design, mechanical condition, and adjustment of 
the equipment on smoking. Not included in the 
gram are other problems associated with ing 
and objectionable exhausts from diesels, such as 
the related questions of odor, lubricating oil, and 
operating temperature. ; 


it became increasingly apparent that operating conditions, 
engine design, mechanical condition, and adjustment of the 
equipment might far outweigh any possible effect of fuel. 
Accordingly, more data on the effect of engine design, 
condition, and operation have been introduced than was 
intended originally. Other problems closely associated with 
smoking and objectionable exhausts from diesels have not 
been included in the program up to the present time. For 
example, the related question of odor as dependent upon 
fuel properties has not been treated, although it is of in- 
terest that the test crew was more aware of noticeable - 
though not necessarily objectionable - odor when burning 
the lighter type fuels. Another factor undoubtedly con- 
tributing to smoky exhaust is the amount of lubricating oil 











reaching the combustion-chamber walls; but, as yet, little is 
known as to how lubricant properties affect smoking either 
through the agency of deleterious deposits which they may 
form on engine parts, or directly, by participating in the 
combustion. Operating temperature is another variable 
which remains to be investigated in detail, even though its 
general effect is well known. 


B® Methods of Rating Smoke 


In attacking the smoke problem it was necessary to settle 
on a test technique for measuring the quantity of smoke 
produced under a given set of conditions. Finding that 
visual smoke observations were rather difficult to reproduce 
and that such observations made by different observers did 
not correlate as closely as desired, different types of “smoke- 
meters” were tested for the purpose. The most satisfactory 
results were obtained with a smokemeter, patterned after 
that of Prof. P. H. Schweitzer,’ consisting of a 2'4-in. 
cylindrical pipe with a light source at one end and a photo- 
electric cell at the other. Readings indicative of the amount 
of light absorption were taken from a galvanometer con- 
nected to the photoelectric cell. The scale used for evaluat- 
ing the smoke was complete blackout at 100% (no gal- 
vanometer deflection), and air at zero per cent (maximum 
galvanometer deflection). Although the characteristic of 
the photoelectric cell used did not have a linear relationship 
between galvanometer reading and light absorption, for 
the sake of convenience it was so used. For those interested 
i a more rigorous interpretation of the data, Fig. 1 shows 
the relationship between “per cent smoke” and smoke 
density. 

In making smoke measurements, it was found somewhat 
of a problem to determine just what should be considered 
to be objectionable smoke. Complaints of objectionable 
smoke are no doubt sometimes unnecessarily lodged against 
diesel equipment because the exhaust odor is peculiarly 
different from that of the gasoline engine. This odor draws 
attention to smoke in sections where the gasoline exhaust 
odor is commonplace and where the gasoline engines may 
be smoking more than the diesels. Too, smoke for the 
diesel is apt to appear as a “puff” under certain types of 
operation, which is more noticeable than it would be were 
the same total amount of smoke emitted over a longer 
period of time at a lower smoke density. 

By comparing visual observations with smokemeter read- 
ings, a smoke rating of 35% as determined by the smoke- 
meter, was fixed upon by the test crew as the maximum 
allowable amount of smoke for acceptable operation. This 
corresponds to what the average observer might call “light” 





1See Diesci Power, Vol. 17, June, 1939, pp. 506 and 508: “Rating Oil 
Engines on Smoke Measurement,” by P. H. Schweitzer. 
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smoke, but should be regarded only as an approximate 
yardstick which probably would vary slightly when judged 
by different observers. 


m Effect of Operating Conditions 


The operating variables which affect smoking can be 
treated best if they are classified under the two sets of 
conditions as follows: 

A. Equilibrium Conditions — Equilibrium conditions are 
operating conditions such as exist when the engine is per 
mitted to run at constant load and speed. Under equili 
brium conditions, smoking is not objectionable on any of 
the popular engine makes or models on a wide variety ot 
fuels — provided, of course, that the engine is in good repair 
and that it is not overloaded. 

Fig. 2 shows the relation of speed and load to smoking 
in a high-speed, multicylinder laboratory engine when run 
under equilibrium conditions on three fuels varying widely 
in characteristics. Here it can be seen that smoking was 
not excessive on either the 32 viscosity, 48 cetane number 
fuel, or the 35 viscosity, 54 cetane number fuel at any speed 
or load, but it became objectionable at speeds above about 
1900 rpm on the 33 viscosity, 40 cetane number fuel. A 


glance at Fig. 3 giving the relation between fuel consump 
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tion and speed at the various loads shows that smoking on 
this 40 cetane number fuel at the higher speeds was caused 
by inefficient fuel combustion, no doubt due to abnormally 
long ignition delay. 

Fig. 4 shows the effect of load on smoking at a constant 
speed of 1600 rpm. Below one-quarter load, smoking on 
the 40 cetane number fuel increases rapidly, because at 
light load the increased ignition delay results in misfiring. 
The abrupt rise in smoke intensity in the vicinity of full 
load demonstrates that slight changes in “smoke stop” ad 
justments in the direction of overload can readily cause 
smoking troubles, which may overshadow any improve 
ment brought about by changes in fuel characteristics. 

Other engine types showed the same general effect of 
load on smoking, some being less sensitive than others to 
changes in fuel ignition quality. The effect of changes in 
speed varied somewhat with the different engines because 
of differences in rates of fuel injection, fuel injection ad 
vance angle, turbulence, valve timing, and the like. 

Smoking at idle was unobjectionable on all the equip- 
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m Fig. 3— Effect of speed and load on economy — Engine C 


ment observed, except in cases where fuels were so low in 
cetane number as to cause misfiring. 

B. Dynamic Conditions — Dynamic conditions can be 
considered as those of changing load and speed such as are 
obtained during acceleration or deceleration. Objectionable 
smoking on deceleration has been observed only on equip- 
ment in poor repair. Extensive observations made on 
equipment in service in the field as well as on laboratory 
equipment have indicated that smoking was most objec 
tionable on all equipment observed under the dynamic con 
ditions of acceleration after an idle period, such as regularly 
occurs at stop streets and at passenger stops in the case ot 
buses. Because of this condition, and since many of the 
worst offenders in the field were diesel-electric or hydraulic 
units where engine acceleration was very rapid, the ma- 
jority of the tests comparing the smoking tendencies of 
experimental fuels were run at acceleration after idle, no 
load, except the armature inertia of a 150-hp cradle-type 
dynamometer. 


@ The Relation of Fuel Characteristics 


As anticipated, the tendency of fuels to smoke in auto- 
motive engines has been found to be chiefly related to 
viscosity, volatility, and ignition quality, and this paper 
serves chiefly to show the relative importance of these vari 
ibles and their interrelated effects. What started out as a 
program to determine the smoking tendencies of a halt 
dozen carefully selected fuels covering a wide range of 
properties eventually developed into a broad program when 
it was found that the solution was not as simple as had 
been expected. Approximately fifty fuel blends were finally 
tested before the results seemed sufficiently conclusive to 
establish sound correlations. In this group of fuels were 
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ten competitive branded No. 2 heating oils commonly sold 
as automotive diesel fuels. 

The complete results obtained on laboratory engines A, 
B, and C are shown in Table 1, which includes pertinent 
fuel inspection data as well as engine test results. 

A. Effect of Fuel Volatility — Fig. 5 shows the relation 
between per cent smoke in engine A and a series of points 
on the ASTM distillation curve of a selected group of fuels 
of 50+ cetane number. As readily seen, there is a definite 
relation, in this engine, between the smoke during accelera 
tion after idle and the boiling point of the fuel. Of the 
various distillation points, the 50% point gives the best 
correlation, particularly where very narrow-cut fuels are 
concerned. For example, Fuels Nos. 12 and 21, narrow-cut 
fuels of widely different volatility, give smoke ratings com 
patible with their 50% points but considerably higher than 
would be expected for their 90% points. On the other 
hand, Fuel No. 49, a blend of kerosene and light lubri 
cating oil, gives an actual smoke rating higher than would 
be predicted from its 50% point and lower than would be 
predicted from its go% point. In such an unusually wide 
cut fuel, both the 50 and go% points should be taken into 
account in predicting performance, However, for fuels of 
conventional diesel fuel volatility, the data indicate that the 
50% point is a more dependable index of smoking ten 
dency than is the g0% point. The frequently accepted 
concept that the heavy ends, as measured by the go% 
point or some property of the 10% residue, measures smok- 
ing tendency, probably owes its origin to the fact that 
poorly fractionated or contaminated fuels have in the past 
reached the field. 

B. Effect of Viscosity —- As shown by Fig. 6, viscosity is 
also related closely to smoking for fuels of constant cetane 
number. However, Fuels Nos. 24 and 25 which are “poly 
butane” blends give less smoke than would be predicted 
from their nominal viscosities indicating that viscosity at 
100 F is not of itself the only factor in smoke formation. 
These two thickened fuels give more smoke than the base 
stock (Fuel No. 9) used in making them, indicating that 
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Table 1 — Fuel Inspections and Results of Smoke Tests — Engines A, B, and C 














, Maximum Smoke Smoke at 
Fuel Gravity, Cetane Kinematic Viscosity at ASTM Distillation, F During Governed Speed 
No. deg API Number Viscosity 100F,S.U.S.IBP 5% 10% 20% 30% 40% 50% 60% 70% 80% 90% 95% FBP Acceleration After Acceleration 
A B Cc A B Cc 
1 42.2 58 2.25 33.5 390 434 441 453 462 471 480 490 500 513 532 549 573 28 22 15.5 17 9 2 
2 41.3 58 2.30 34.2 398 430 442 452 462 474 482 494 510 528 555 592 650 28 17 24 10 
3 37.4 55 2.70 35.0 370 414 427 447 465 482 520 540 566 596 617 650 37.5 18 30 9.5 
4 35.7 58 3.45 37.4 387 433 449 473 493 515 534 555 582 609 650 677 701 52 36 23.5 38.5 12 13 
as te ae 57 6.10 44.7 410 460 488 508 542 574 594 622 648 680 720 Ck. 735 68 51 33.5 48.5 24 12.5 
6 33.2 60 7.80 50.8 398 488 528 566 596 616 640 661 684 706 735 754 Ck. 81.5 68 40 48 24 14.5 
7 33.9 55 4.27 40.0 376 434 454 488 516 542 568 594 614 638 666 686 710 60 38 29 47.5 20 8.5 
8 38.6 57 2.15 33.2 356 408 420 436 450 464 476 488 506 524 556 588 640 29.5 25.5 
9 45.1 61 2.15 33.2 386 418 432 446 456 466 474 485 496 508 534 552 568 27 17.8 12 16 9 3.5 
<5 _— _ 36. 2 56 3.87 38.8 478 502 512 520 528 534 542 550 562 598 608 646 700 50 34 22 34 12 12.5 
11 41.5 55 2.40 34.0 358 416 428 445 458 472 484 498 512 538 569 612 658 29.5 20 14 36 7 3.5 
12 32.0 57 6.36 46.0 550 575 580 586 592 597 602 608 615 624 638 650 666 71 58 35.5 49 22 20 
13 37.6 57 2.68 35.0 364 419 434 450 464 478 494 510 530 558 598 640 686 42 17.5 32 4 
14 33.3 40 2.12 33.1 346 402 416 430 444 458 472 488 508 530 560 586 616 38 34 88 31 12 91 
15 31.3 41 3.32 37.2 358 415 432 457 476 498 518 540 564 592 630 665 693 54 48 96 44 9 93.5 
16 27.2 e 42 5.77 45.0 370 442 468 490 516 542 566 596 625 658 702 744 754 73 67 Ye 
17 26.5 40 7.50 50.6 398 462 484 515 538 568 596 624 654 688 722 752 Over 78 82 98 68 26 96 
760 
18 25.6 43 14.24 74.3 412 472 500 538 573 608 637 666 693 700 720 Ck. 722 83 94 68 76 
_ 20 29.5 54 15.65 79.7 530 594 612 630 646 664 680 694 716 730 748 757 768 89 47.5 59 18 
21 36.6 50 2.54 35.0 450 472 475 479 483 489 494 500 507 516 528 538 549 40 27 
22 43.4 48 1.72 31.7 316 362 374 388 402 415 429 444 458 475 496 514 538 20 13.5 14.5 5 
23 38.0 44 1.98 32.6 324 375 388 405 420 443 450 466 483 504 533 560 592 23 17 
24 45.3 57 2.58 34.6 380 422 432 442 453 464 472 484 498 512 532 546 560 33 18 
_ 2 45.3 57 4.35 40.3 382 420 430 444 452 462 472 482 494 509 528 546 568 42 22.5 
26 36.5 50 2.55 35.3 388 440 454 468 478 492 504 518 536 560 589 616 640 39 29 
27 39.2 50 2.15 32.9 336 390 406 427 442 458 472 487 504 525 557 596 632 30 21 
28 40.6 49 2.00 32.6 320 375 390 410 425 440 454 470 487 506 538 574 612 26 16 20 7 
29 41.4 48 1.89 32.4 312 372 384 405 420 433 450 464 480 498 528 559 594 28 21 
_ 30 39.4 46 2.07 32.8 318 372 388 408 424 442 457 475 494 514 542 568 590 28 25 25 17 8 20 
31 38.0 53 2.54 34.5 358 413 430 448 467 484 502 520 536 554 575 593 616 37 25 27 28 5 11 
32 38.8 55 2.66 34.9 346 410 432 454 474 492 510 528 544 562 590 619 650 41 29 16.5 29 11 5 
33 34.1 37 2.34 33.8 350 404 417 434 448 460 475 490 506 528 560 598 630 37 33 70 29 10 70 
34 34.8 44 2.22 33.4 326 406 424 446 458 472 484 498 510 528 556 578 606 39 31 25 22 
_ 35 38.3 49 2.45 34.2 348 408 426 443 459 478 495 515 536 564 586 620 640 38 25 27.5 18 5 20 
36 33.4 45 2.74 35.1 350 409 425 446 462 480 496 513 533 556 597 626 656 42 34 31 4 
37 38.3 54 2.68 34.9 374 422 434 454 472 489 506 522 540 564 594 628 652 41 26 17.5 29 7 6.5 
38 32.3 41 2.75 35.2 358 408 424 444 460 476 494 512 534 566 614 664 702 41 35 35 5 
39 37.5 51 2.47 34.3 356 414 424 442 456 469 484 499 516 538 572 610 656 34 23.5 19 11 
40 37.5 54 2.8 35.4 368 430 446 464 482 494 506 518 532 550 581 608 646 37 20 15.5 6.5 
41 39.5 53 2.24 33.4 338 398 416 434 454 469 484 497 515 534 559 584 634 29.5 12 4 
42 40.5 51 2.06 32.8 324 379 398 419 434 462 469 481 499 518 545 571 608 27.5 12 
43 41.9 50 1.94 32.3 320 374 386 404 420 436 452 466 482 502 528 554 601 24.5 9 
44 43.4 48 1.73 31.6 320 362 372 388 402 416 430 444 460 476 496 518 540 22 11 7 3 
45 41.5 56 2.25 33.5 376 419 430 444 458 468 478 490 506 524 550 575 620 13 4 
46 39.6 52 2.25 33.5 360 412 425 438 452 464 475 488 504 522 550 576 623 13 5 
47 37.8 47 2.26 33.6 368 415 424 440 452 466 478 492 508 528 560 592 628 23.5 13.5 
48 36.1 42 2.27 33.8 362 410 422 434 450 462 475 489 506 526 556 588 624 45.5 45.5 
49 42.4 49 2.08 32.9 322 360 372 394 410 428 443 460 478 507 590 Cr. 28.0 17.0 





either the viscosity per se or the exceedingly high boiling 
character of the polymer accounts for the increase in smoke 
observed. It is also interesting to note in Fig. 6, however, 
that the narrow-cut fuels, Nos. 12 and 21, fall on the curve 
of viscosity versus smoke for the normal hydrocarbon fuels, 
as does also kerosene (Fuel No. 44) and the kerosene- 
lubricating oil blend (Fuel No. 49). 

Either viscosity or mid-boiling point can be used as a 
measure of the smoking tendency of normal diesel fuels 
because, for conventional fuels of constant cetane number, 
the two are directly related.2 However, mid-boiling point 
has been chosen for making comparisons between fuels 
because smoke is probably more directly a function of 
volatility than it is of any other fuel property, provided the 
engine is not critical to ignition quality. 

On Fig. 7 are plotted the data of smoke versus 50% 
point including the cetane numbers of the various fuels. It 
can be seen that, for a given 50% point, the smoke in- 
tensity increased with a decrease in ignition quality. 

C. Effect of API Gravity —- Gravity also is related to the 
smoking tendency of diesel fuels as is shown by Fig. 8. 
However, such a relation would be expected on the basis 
of the above data showing the relation between cetane 
number, mid-boiling point and smoke, because gravity, 
mid-boiling point, and cetane number are interrelated. A 
chart showing these interrelated diesel fuel properties was 





2See Institute of Petroleum Journal, October, 1939, p. 691; also SAF 


Transactions, February, 1940, pp. 49-53: “Diesel Fuel Characteristics 
Influencing Power and Economy,” by A. J. Blackwood and G. H. Cloud. 
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included in a paper presented before the World Automo 
tive Engineering Congress, June, 1939." 

D. Effect of Engine Design and Condition — In order to 
obtain the response of the various automotive engine types 
to changes in fuel characteristics from the standpoint of 
smoking, a limited series of fuels from Table 1 was run in 
engines B and C in the laboratory and in engine D in 
trucking service. As with the tests in engine A, the smoke 
determinations, where used for comparison, were made at 
acceleration after idle. In engine D the smoke observa 
tions were taken during level road acceleration in third 
gear with an unloaded truck. 

Of fuels of approximately 50 cetane number and above, 
cbjectionable smoking appeared in the four engines in the 
following order, as mid-boiling point of the fuel was 
varied: 

Maximum 50% Point for 


Engine Acceptable Performance 


D 615 
C 605 
B 545 
A 500 


Engine D appears to be the least affected by changing 
fuel volatility as is shown by the above table and by Fig 9. 
It should be kept in mind, however, that, due to a differ- 
ence in test technique necessitated by virtue of it being in 
a truck chassis, a somewhat better smokemeter reading 
resulted than was justified from visual observation. 

With fuels of lower cetane number, the order changed 
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m Fig. 5—Effect of fuel volatility on smoke in engine A—Fue's of 50+ cetane number 





markedly. As is shown in Fig. 10, the smoke produced by 
40 cetane number fuels is least in engine D, comparable 
over a wide range for engines A and B, and considerably c- 66. 
higher than any for engine C. The latter engine is critically o>: a ee 
sensitive to low ignition quality, being very rough and | 
giving almost complete smokemeter blackout on fuels of os Ean Sa 
40 cetane number over a wide range of volatilities extend 
ing into the range of kerosenes. 








The effect of cetane number is illustrated further in Fig. 

which shows the relation between cetane number and 
smoking in engines A, B, and C for fuels of constant vola 
tility having a 50% point of about 475 F. For Engine C, 
below 50 cetane number, the per cent smoke increases 
about 4% for each unit decrease in cetane number. How 
ever, the sensitivity of this engine to reduction in cetane 
number below about 45 will not be felt in practice because 
roughness of operation prevents the general use of such 
fuels. Engines A and B are relatively insensitive to cetane 
number changes within these limits. 

Engine A very definitely sets the volatility limits to POLYMER BLENDS | 
which the fuel marketer must work if a single universally a | E> 
satisfactory fuel is made available. Conversely, Engine C ao 

. sets the more desirable standard of being able to handle a an 
wider range of volatility, although this engine is not satis on ra 
C - - KEROSENE + t t t t { ; + t 
factory on fuels of below 45 cetane number due to rough 
ness as well as smoke. When and if diesel fuel volatility —— a ee Iti 
: , ' : 30 32 34 36 36 40 42 44 46 46 50 52 54 
should command a premium, as it already does in some 
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localities, the latter engine will be the one sought by pros- VISCOSITY S.U.S.@ 100°F. 
pective engine users — other factors being equal. 

Smoking in automotive diesel equipment is particularly 
sensitive to engine condition. A faulty nozzle can produce 


m Fig. 6—Per cent smoke vs. viscosity (S$.U.S. at 100 F) —Engine A 
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m Fig. 7—50% point vs. per cent smoke showing lines of constant cetane number — Engine A 


dense clouds of smoke on any type of fuel. Cylinder wear 
increases smoking by permitting the pumping of oil into 
the combustion space as well as by reducing compression 
pressure. The following table presenting the smoke pro- 
duced on reference fuels before and after a long series of 
tests in which cylinders were scored and rings worn con- 
siderably, shows clearly the effect of engine condition. 


% Smoke, % Smoke, 


Fuel New Engine Worn Engine 
40 37 57 
44 22 38 
14 38 67 


Reconditioning this engine reduced the smoke values to 
very near the original figures. This increase in smoke 
brought about by operating this particular engine in bad 
repair corresponds to increasing fuel mid-boiling point by 
about 50 F on the new engine. Observations have, in gen- 
eral, shown that smoking of bus units at acceleration after 
idle increases 1 to 2% for each 1000 miles of service, unless 
a maintenance procedure is adopted to prevent it. 


= Correlation of Laboratory and Road Data 


As diesel equipment has been introduced into important 
bus fleets in the Eastern area, its performance has been 
followed closely. Field tests have been run on a variety of 
equipment comparing the smoking tendencies of various 
fuels under different operating conditions. In most of the 
field tests, the smoke was rated visually and converted to 
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m Fig. 8-50% point vs. per cent smoke showing lines of constant API gravity — Engine A 

e | itt t4 per cent smoke by means of a chart prepared by making 
95+} +++ __1_ | ——e +—j simultaneous visual and smokemeter observations and cor- 
04 | s odintecll oe relating the results. Fig. 12 compares the per cent smoke 
| LI and 50 and go% points on the fuels for the laboratory and 
= J “encinge-a | | field tests on similar fuels and engines under generally 
at ‘4 + __ similar operating conditions, which involved acceleration 
“ os| | | | | | | | after idle. In spite of disturbing factors, such as changeable 
“ weather conditions and difficulty in obtaining reproducibil- 
z O— | ‘a ity in the tests, the agreement between the laboratory engine 
a 65 = tests and the field bus tests is good. All equipment was 

w eo relatively new when the field tests were run. 
9 | | Subsequently a field test program was conducted using 
¥ a oe a re eT direct measurement of smoke with the photoelectric smoke- 
w sol ; aco | oe meter. However, the results obtained in these field tests 
3 | did not prove entirely satisfactory. It had been established 
7 rT 4 | in the laboratory that it was essential to maintain constant 
G40 | | conditions with respect to back pressure in order to obtain 
wet) ie | | consistent smokemeter readings for a given visual smoke 
a eV ename- 0 | density, since back pressure affected the rate of flushing of 
30 Ss a the smoke cell. In the field tests, the per cent smoke, as 
~~ fee a ee SE Ee Sy determined by the smokemeter, could be related directly 
to variation in visual smoke ratings on individual bus 
20}—_+~—__,—_+—++ tt units; but the relation obtained on one unit did not apply 
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m Fig. 10—-Comparative smoking tendencies of engines A, B, C 


and D on fuels of 40 cetane number 
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to all units. Wide differences in exhaust manifold pres- 
sures existed which resulted in different rates of flushing 
of the cell and this is thought to be the reason why con- 
sistent correlation was not obtained. At the same time, all 
the units responded similarly to changes in fuel volatility 
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and ignition quality as might have been predicted from the 
laboratory test results. 


@ The Control of Smoking 


On the basis of the test results, it might appear that the 
way to reduce objectionable smoke in critical engines is to 
use light fuels. In fact, light fuels have been recommended 
in certain cases.*> However, certain practical disadvantages, 
such as loss in power and increased fuel consumption, 
result. The following table, prepared from data obtained 
on a laboratory engine, shows the relative economy of a 
normal high-quality automotive diesel fuel and kerosene, 
and blends of the two: 





These power tests, supplemented by many individual 
laboratory tests and by occasional data in the literature, 
support the contention that, with a given setting on the 
fuel metering system, a change from a normal 500 F mid 
boiling point automotive diesel fuel to a kerosene of around 
430 F mid-boiling point results in substantial power losses, 
5, 10% and even higher, depending upon the engine, 
degree of wear of pump and injector parts, pump charac 
teristics, and the like. 

This observation suggests the possibility that some appre 
ciable part of the smoke reduction accomplished by a 
change to a light fuel might be due to the fact that lower 
charge density as expressed in Btu per pump stroke results 





Fuel Consumption—Laboratory Engine 
Volumetric Fuel Consumption, pt bhp hr 


1000 RPM 


600 RPM 


Specifications 

50% C. 

Fuel Gravity Viscosity F ON. 

No. 40. ; ; 37.5 35.4 506 54 
70:30 — No. 40 + Kerosene. 39.5 33.4 484 53 
50:50 — No. 40 + Kerosene. 40.5 32.8 469 51 
30:70 — No. 40 + Kerosene.. 41.9 32.3 452 50 
Kerosene.... 43.4 31.6 430 48 


© Poorer Economy of Kerosene Below No. 40. 


1500 RPM 2000 RPM 
Load Load Load Load 

Roads Full Road‘ Full Road = Full Road‘ Full 
0.690 0.538 0.638 0.524 0.595 0.524 0.554 0.560 
0.698 0.533 0.626 0.524 0.605 0.526 0.552 0.552 
0.706 0.534 0.636 0.528 0.596 0.523 0.568 0.567 
0.724 0.540 0.647 0.522 0.604 0.526 0.564 0.556 
0.741 0.545 0.664 0.538 0.611 0.529 0.572 0.576 
7.4 Ls 4.1 2.7 2.7 1.0 3.2 2.9 


These figures show an average of 4% poorer mileage 
with kerosene as compared to Fuel No. 40 for normal 
road-load operation and 2% poorer for full-load operation. 
This per cent difference in economy between No. 40 and 
kerosene approximates the difference in Btu per gal, which 
is 2.4% as estimated from the physical properties and net 
heat of combustion determinations. 

The differences in power at full load (manufacturer’s 
setting) were greater than the differences in economy. 
This is illustrated in the following table, which shows the 
full-load power on the corresponding fuels. At 2000 rpm 
the No. 40 fuel showed 9% more power than kerosene: 


Futt Loap Horsepower oF LABorRATORY ENGINE 





RPM 

Fuel 600 1000 1500 2000 
No. 40 27.4 49.7 71.4 80.5 
70% No. 40 
30% Kerosene 27.9 48.2 70.0 80.0 
50% No. 40 
50% Kerosene 27.8 47.3 69.0 77.9 
30% No. 40 
70% Kerosene 27.6 46.8 67.1 77.5 
Kerosene 27.4 47.0 66.8 74.0 
% Improvement 
of No. 40 over 
Kerosene 0.0 5.7 6.9 8.8 


The following data, obtained on these two fuels on an- 
other type of laboratory engine, show further the loss in 
power accompanying the use of the light fuel: 


Fuit Loap Horsepower oF SECOND LABORATORY ENGINE 


RPM 
Fuel 600 1000 1500 2000 
No. 40 19.5 43.3 65.5 79.6 
Kerosene 16.0 28.5 60.3 74.3 
Hp Difference 3.5 4.8 5.2 5.3 
% Improvement of 
No. 40 over Kerosene 21.9 12.5 8.6 7.1 


Field tests on fuels similar to the two used in making 
these comparisons have shown even greater differences in 
economy in favor of the heavier fuel than was observed in 
the just-mentioned laboratory tests. 





8See Diesel Power, August, 
Adopt Diesel Bus.” 


1939, p. 637: “Transportation Companies 
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and therefore less power is obtained. To check this theory, 
four fuels were run in two engines as follows: 

1. Maximum power at 1600 rpm was determined on 
kerosene, and smokemeter readings taken. Temperature 
conditions and smoke stop settings were such as to assure 


freedom from objectionable smoke. 
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m Fig. || — Effect of ignition quality on smoke for fuels having a 
50% point of 475 F 
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m Fig. 12—Comparison of laboratory and field test data — Per 
cent smoke vs. fuel volatility (for fuels of approximately 50 cetane 
number — Type A engines — Acceleration after idle — No load) 


2. Without any change in adjustments, the power and 
smoke reading were recorded for three additional fuels of 
approximately 510 F, 570 F, and 640 F mid-boiling point. 

3. For each of the three fuels, the amount of fuel being 
injected was reduced until the power was exactly the same 
as that on kerosene, and the smokemeter read. 

The engines used were in good condition and fuel slip 
page as indicated by power differences was not excessive. 
These results are given in Table 2, and the high-output 
results are shown graphically in Fig. 13. In the runs at 
high output, the spread between the two curves for each 
engine is directly due to the power difference. The height 
of the lower curve above the smoke observed for kerosene 
is due entirely to some fuel property. The important con 
clusions to be drawn from the runs at high output under 
equilibrium conditions are: 

1. The major part, say from 45% to 70% of the smoke 
reduction generally attributable to change in fuel, is actu- 
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ally due to the resultant change in power output. Con 
versely, if the smoke stop on an engine is reset to recover 
the power lost by changing to a light fuel, approximately 
45% to 70% of the original smoke will reappear. 

2. On the other hand, only about a third of the improve- 
ment in smoke is due to the fuel itself and, if the smoke 
stop of an engine is set to give satisfactory smoke on the 
specific fuel to be used, the loss in power output will be 
small. Conversely, at equivalent power output, there are 
only small differences in the smoking tendencies of fuels 
covering a wide range of fuel volatility. 

Smoke during acceleration is of greater practical interest 
than smoke under sustained heavy load, and the data on 
acceleration after idle shown in Table 2 for engine No. 1 
indicate that fuel volatility has a somewhat greater effect 
under these conditions than under sustained load condi 
tions. However, marked improvement in smoke density 
can be obtained by setting back the smoke stop with some 
attendant reduction in maximum power. The relation be 
tween per cent power reduction and per cent smoke reduc- 
tion is shown in Fig. 14. 

This study on smoking has indicated that the effect of 
fuel characteristics is secondary to engine design, condition, 





Table 2 — Effect of Smoke Stop Settings 


Smokemeter Readings Smokemeter Readings 
Maximum HP at Mfr's Smokestop at Constant (79.7) 


50% at Mfr's Setting Setting Horsepower 
Distilla- and 1600rpm Sustained Accelera- Sustained Accelera- 
Fuel No. tion, F Load tion Load tion 
44 (Kerosene) 430 79.7 15 (7.5) 19 (9.2) 15 (7.5) 19 (9.2) 
40 84.4 19 (9.2) 37(20.0) 16(8.0) 30(15.5) 
7 568 86.0 26 (12.6) 59(39.0) 19.5 (9.5) 50 (30.0) 
6 640 87.7 29.5 (15) 80(70.0) 22(10.8) 66.5 (47) 


Note: Figures in parentheses are the smoke density x 100 corresponding to the 
observed smokemeter readings (see Fig. 1) 
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and adjustment. This is substantiated by the buses oper- 
ating in London which develop no objectionable smoke 
on 55-60 cetane number fuels of 550 F mid-boiling point. 
The explanation lies not in their having better engines than 
the American engines, but rather that they install oversize 
units such that, for the power required, they can set the 
smoke stop well down from the critical power point. That 
this principle could be applied to improve markedly the 
smoking tendency of engine A is illustrated in the experi- 
ence of two U. S. diesel bus fleet operators using the same 
size and make engines. One has no smoke problem what- 
soever and runs a weight horsepower ratio of 148 |b per 
hp; the other has very serious smoke complaints and is 
running a bus weight of 215 lb per hp. The explanation 
seems simple. However, the solution by means of reducing 
power is unpopular because operators usually feel that they 
must have the maximum power from the engine and /or 
the diesel equipment salesman is frequently unwilling to 
recommend an oversize engine for fear of losing the sale 
to a competitive bidder, or agrees to under-powering 
units rather than oppose the wishes of a prospective cus- 
tomer who wants maximum passenger capacity and low 
engine cost. 

The differences between engines on a given fuel very 
probably would be quite small for comparable bmep. This 
latter angle remains to be investigated, but offers consider- 
able difficulty in getting various engines and injection 
equipment all in strictly comparable form. 


™ Conclusions 


Considering all phases of this investigation, it is clear 
that the ultimate solution of the automotive diesel smoke 
problem rests in mutual recognition by the engine builder, 
the equipment operator, and the fuel supplier that the 
problem is one requiring cooperative effort. While numer- 
ous phases of the diesel smoke problem remain to be ex 
amined, the status of the investigations conducted to date 
would appear to justify certain well-defined conclusions. 

In cases where either design, maintenance, or adjustment 
fail to accomplish the degree of smoke control desired, 
improvement can be brought about by the use of lighter 
fuels of suitable ignition quality. However, this is accom- 
plished by some reduction in power and a loss in fuel 
economy. It would appear more desirable to take the 
power loss required for smoke control by means of reset- 
ting smoke stop adjustment while retaining the advantage 
from an economy standpoint of the higher Btu per gallon 
of the heavier fuel. On engines having no smoke stop, the 
desired result can be obtained by a suitable stop or turn- 
buckle arrangement in the throttle connection to the cab 
controls. 

The satisfactory performance of the heavier fuels in 
European bus operation, and particularly the London Gen- 
eral Omnibus equipment,* clearly shows that smoke control 
can be effected by other means than resorting to fuels 
approaching kerosene in volatility. In the London opera- 
tions, smoke and odor complaints are less since introduc- 
tion of the diesel equipment than when burning gasoline. 

In so far as the fuel itself is concerned, the effect of 
cetane number on smoke is less important than the effect 
of volatility except in cases where the ignition quality of 
the fuel is below the minimum demanded by considerations 
of roughness and cold starting. 


See Institute of Petroleum Journal, October, 1939, pp. 649-656: “‘The 


Efficient Burning of Fuel in High-Speed Oil Engines ... ,” by 
A. T. Wilford. 


DISCUSSION 


Data on Smoke, “Lachrymation,” 
Starting, Knock, and Economy 


-W. V. Hanley and H. R. Porter 


Research Engineers, Standard Oil Co. of Calif. 


E also have made many tests in our laboratory and on the roac 

on the effects of cetane number and volatility on exhaust smoke, 
as well as on the various other fuel-performance criteria. It is believed 
that some of our results which were obtained under conditions ver 
similar to those described by the authors will serve to further con 
tribute to the understanding of exhaust smoke and that results on 
the effects of cetane number and volatility on the various other fuel- 
performance characteristics will be of interest. 

Exhaust Smoke — The curves on Fig. A show results of smoke test: 
made on a make “C” engine upon suddenly opening the throttle afte: 
a period of motoring. This procedure, which was chosen to simulat 
acceleration after braking with the engine, is similar but more sever 
than used by the authors due to the increased cooling by the intake 
air. The results, however, show marked similarity to those presented 
since they show that: 


1. Exhaust smoke was decreased with increase in volatility tor a 
constant cetane number. 
2. Exhaust smoke was decreased with increase in cetane number 


for constant volatilities. 

Although the authors present convincing arguments that decreas 
in maximum throttle setting 1s an efhicient method of overcoming 
overload smoke under constant operating conditions, they show that 
this method has relatively little benefit in decreasing smoke occurring 
upon accelerating. Since, in many cases, the accelerating smoke is b 
far the most important criterion for judging the performance of an 
engine, we believe that the only solution for non-objectionable exhaust 
smoking is by use of the correct fuel. 


Exhaust Lachrymation — With the increased use of diesel engines in 
buses a new performance criterion has arisen, namel xhaust 
lachrymation. By this term we designate that property of exhaust 


gas which causes smarting and burning of the eyes and which in 
extreme cases results in tears. This fuel characteristic is independent 
of smoke or odor and, in some Cases, has assumed a greater im 
portance. This has been shown by the large percentage of complaints 
received by a Western diesel operator on the offensiveness ot diesel 


exhaust gas. Although it is dificult to measure quantitatively the 
lachrymating tendencies caused by various test fuels, we have mad 
many qualitative tests ON service equipment on fuels covering a wid 


ignition quality and volatility range. 
Results of these tests have indicated that exhaust lachrymatior 
decreases with increase in cetane number and is independent of fuel 






































volatility. Our tests indicated further that exhaust lachrymation could 
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m Fig. A (Hanley and Porter discussion) — Effect of volatility and 
cetane number on exhaust smoke — Engine "'C"’ 
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» Fig. B (Hanley and Porter discussion) — Effect of ambient tem- 
perature and cetane number on required cranking time 


not be corrected by engine adjustment, but only by increase in the 
cetane number of the fuel. 
Starting — Ease of starting is one of the most significant of the 


various fuel performance criteria when year-around operation of diesel 
equipment considered. Consequently, many starting tests have 
been made in our laboratories as well as on logging equipment oper- 
ating under severe field conditions in the Sierra Nevada Mountains. 
Fig. B shows some of the results obtained in the laboratory and in 
the field on engines of make “A.” 

Results from these tests indicate 
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that: 



































1. Cranking time required at the lower temperatures decreased 
with increase in cetane number. 
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» Fig. C (Hanley and Porter discussion) — Effect of cetane number 
and volatility on rate of head deflection and aural knock — 
Engine "C" 
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m Fig. D (Hanley and Porter discussion) — Fuel economies on vol- 
umetric basis for operation with non-objectionable knock — Engine 
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2. Differences between the cranking times of fuels of different 
cetane numbers increased markedly with decrease in temperature. 

Other results obtained in small laboratory equipment operated 
under conditions closely simulating those in service have indicated 
that ease of starting is influenced almost entirely by cetane numbet 
and is independent of volatility as such. 

The general greater cranking periods obtained in the field tests are 

explained in part by the difference in elevation of 5000 ft between 
the field location and the Richmond, Calif., laboratories. 
Fuel Knock — Although cetane number has been accepted generally 
an index of fuel knock, it is believed that results obtained in a 
full-scale engine in which the actual rate of deflection of the outside 
structural numbers were measured by ot quartz (piezo) 
vibration indicator would be of interest. These tests were made in 
an engine “C” manufacture under the conditions of maximum fuel 
knock when suddenly accelerated from no load at 600 rpm to full 
load at rpm. The results, which are 
that: 

1. The maximum rate of deflection of the 
portional to fuel knock as evaluated by ear. 

2. Increase in cetane number decreased fuel knock, independent of 
volatility, when the ignition quality was measured by the Standard 


as 


means a 


ol 


200K 


shown on Fig. C, show 


engine head was pro 


Oil Co. of Calif. Delay Method. This is not true for cetane ratings 
made by some other methods. 
The knock measurements were made under accelerating rather 


than equilibrium operating conditions since it is believed that these 
conditions which are generally conceded as being most severe are also 
inost representative of bus and truck operation. 

Economy — The curves on Fig. D show results of economy tests 
made in a make “B” engine at 1200 rpm with the injection advance 


adjusted for constant but non-objectionable knock. The results indi 


cate that the higher-cetane fuel gave economies up to 12% better 
and a maximum power for smokeless operation 9% greater than thi 


ras 
fuel. 
results 


lower-cetane 

These not presented as being representative of thos« 
obtainable in any diesel engine but rather only in engines with high 
cetane requirements which are equipped with easily adjustable injec 
tion-advance mechanisms. In such engines field experience has shown 
that the tendency of the operator is to adjust 
knock even at the expense of economy. 


ar 


for non-objectionabl 


Cause of Diesel Smoke 
- Charles $. Moore 


Associate Mechanical Engineer, 
National Advisory Committee for Aeronautics 


HE control ot diesel exhaust smoke is necessary both to eliminate 
the nuisance and to obtain more efficient power output, that is, 
greater specific output from a given weight of air charge. Diesel 


engines must be developed to operate at higher fuel-air ratios without 
smoking. Fuel characteristics are important but, as the authors state, 
fuel characteristics are secondary. Possibly a primary and funda 
mental factor can be determined by comparing the carburetor gasolin« 
engine to the fuel-injected diesel engine. 

The carburetor gasoline engine will have a black smoke exhaust if 
the fuel-air ratio is excessively rich. This condition prevails even with 
an extremely volatile fuel and a fuel-air mixture 
geneous than in a diesel engine. 


much more homo 
The diesel engine smokes at much 
leaner fuel-air ratios than does the gasoline engine. 

Does not this comparison indicate a fundamental reason why th« 
diesel engine exhaust is smoky even with excess air in the combustion 
chamber? In the diesel engine combustion chamber there are prob 
ably regions of over-rich fuel-air ratios in which the fuel cracks or 
incompletely to the exhaust smoke. These over-rich 
regions may be composed of large fuel droplets or too great concen 
trations of the smallest droplets. Fuel sprays, especially from round 
hole orifices, insufficiently dispersed and even with 
excellent sources of regions of over-rich fuel-air ratios. 

It is indicated, then, that the task of eliminating exhaust smoke 1 
one of devising means of obtaining more uniform mixing at high 
fuel-air ratios. This may be done by better fuel spray, better air flow, 
or by some means yet to be developed. 


White and Black Smoke 
~R. A. Rose and A. F. Robertson 


University of Wisconsin 


burns cause 


are air flow are 


| following criticisms are intended to be of constructive nature: 

It seems necessary in any investigation of this sort to distinguish 
between different types of exhaust “smoke.” This is clearly illustrated 
in the authors’ Figs. 2 and 4. In Fig. when running on low-cetane 


fuel (No. 14) with engine speeds higher than 1800 rpm, the engin 
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evidently was missing badly and the exhaust surely was a combi- 
nation of very black and very white smoke. The white smoke was 
more pronounced at the lighter loads with a lower combustion 
chamber temperature and a large excess of air. In Fig. 3, the sam« 
story was told by the fuel rates. Again in Fig. 4, the low-cetane fuel 
Was not igniting properly at the light loads and the result was, no 
deubt, dense white fumes. 

This white exhaust is the result of failure of combustion in its 
carly stages while the black smoke indicates failure of complete com 
bustion in the very last stages of the process. Do these statements 
agree with the author's experience? 

It would be interesting to have sketches of the combustion cham 
bers of the various engines tested. This would undoubtedly explain 
some of the results reported as, for instance, the inability of engin« 
C to ignite fuels of low cetane in Figs. 10 and 11, also its ease in 
handling the higher cetane fuels in Figs. 9 and 11. 

Fig. 13, showing the decrease in per cent smoke when using kero 
sene rather than fuel oil at constant engine load, does not seem to 
indicate any large improvement (7% in engine 1, and 8% in engin 
2). Are improvements of this magnitude of any practical value to 
a customer? How close do the readings of the smokemeter check 
from day to day? 


Effect of Smokemeter Length 
—P.H. Schweitzer 


The Pennsylvania State College 


HIS paper will probably affect the activity of many operating engi- 

neers and others in a way that will result in a greater freedom of 
smoke in automotive diesels. 

The authors fixed 35% as acceptable smoke. If this is to have a 
definite meaning, in conjunction with the calibration curve of Fig. 1, 
we would need to know the length of the smokemeter tube. Because 
of the non-linear indication of the galvanometer, all the curves 
plotted in “% smoke” would bend up steeper if the instrument had 
read in foot-candles as the simple self-contained G.E. light meter 
does. This is, of course, an unimportant matter in this comparative 
study. 

Fig. 2, right-hand graph, shows a paradox. The higher the load 
the less the smoke at speeds above 1800 rpm. While we have never 
run into a case just like this, it is perfectly possible with a low-cetan¢ 
fuel and poorly igniting engine. That engine should surely keep 
away from low-cetane fuels. 

In connection with Fig. 4 the authors correctly remark that a slight 
change in “‘smoke stop’? adjustment can readily cause smoking trou 
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m Fig. E (Schweitzer discussion) — Exhaust smoke density versus 
cetane number 





408 

















100, 
80 J 
es ° Exhaust connection 8in. trom cylinder head 25 
= 60 e 
_ * Exhaust connection Bft-6in. from cylinder head ~ 
c 
o x 
o Q 
wt 
2 401 tl 
Q ve 
E fe 
W” c 
> 
20 4 © v 
2 4 6 “ iO bhp 
| | | | 
We "lo V4 Full Load 


m Fig. F (Schweitzer discussion) — Effect of smokemeter length and 
exhaust connections on readings 
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m Fig. G (Schweitzer discussion) — Simple smokemeter — The Penn- 
sylvania State College Engineering Experiment Station 





bles which may overshadow any improvement brought about by 
changes in fuel characteristics. That is very true, but the remedy is 
not so obvious. The smoke-stop setting on engines with port-con 
trolled jerk-pump injection systems is always a delicate compromis¢ 
These pumps unfortunately have rising speed-delivery characteristics 
The higher the speed, the more fuel is injected per cycle. But, because 
of the declining volumetric efficiency, the higher the speed the less 
fuel the engine is able to digest per cycle. If the smoke stop on the 
fuel rack is so set that it does not smoke at full rack at the highest 
speed, the engine will not be able to develop a good torque at low 
speed. If the smoke stop is set for good lugging capacity at low speed 
it will smoke at high speed. It is up to the operator whether h 
wants to sacrifice smokeless exhaust at high speed or lugging ability 
at low speed. Trick governors have been available recently that 
change the smoke stop automatically with the speed. The ideal solu 
tion, however, is an injection pump with declining speed-delivery 
characteristics. 

Fig. 5 showing the effect of volatility on exhaust smoke is most 
illuminating. It partly explains the interest shown lately for volatilit 
in diesel fuel oil specifications. It shows at the same time that th 
interest is somewhat misplaced as it is not the 90% point or the end 
point that is relevant, but the 50% point, at least from the smok« 
standpoint. Furthermore, low viscosity specification automatically 
insures low mid-boiling point, as they are related. 

The smoke vs. cetane number relation shown on Fig. 11 does not 
tell the whole story, I believe. In this respect the results of our tests 
with a series of secondary reference fuels on the CFR engine may b¢ 

(Concluded on page 420) 
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BETTER FUELS 


for BETTER ENGINES... 


HE fleet operator and the oil refiner meet on the com 

mon ground of transportation. The ultimate aim of 
their efforts is the swift and economic movement of people 
and merchandise. To accomplish this they have as their 
tools: gasoline, lubricants, trucks, buses, and passenger cars. 
Success depends, in a large measure, on an understanding 
of each other’s problems. It is the purpose of this paper, 
therefore, to present to the transportation and maintenance 
engineer a discussion of the oil refiner’s problems in sup 
plying satisfactory grades of gasoline for successful trans 
portation. 

The refiner starts with a raw material consisting prin 
cipally of carbon and hydrogen and small quantities of 
sulfur, water, and other impurities. This crude oil is 
processed by heat and pressure, with or without the use of 
catalysts and chemicals, to change its chemical and physical 
characteristics and to remove its impurities, thereby pro 
ducing gasoline and many other petroleum products. In 
addition to the processing problems which the physical 
and chemical characteristics present, the refiner must sup 
ply a fuel which will operate satisfactorily in a variety of 
makes and models of motor vehicles in different states of 
efhciency and operated under a wide range of driving 
conditions. In most cases he meets this situation by sup 
plying several grades of gasoline from which the operator 
chooses the grade best suited to his vehicle and operating 
conditions. 

Of course, the refiner could turn out a different 
grade of gasoline for each particular engine and operating 
requirement. But what of the cost? Each gallon would 
be practically hand made. Few people could afford to 
operate automobiles, and bus fares and truck rates would 
be much higher. Economies in refining are possible only 
with mass production. Gasoline remains a low-cost fuel 
in spite of ever-mounting taxes because there are relatively 
few grades and the production of each grade is measured 
in billions of gallons. Automotive vehicles in the United 
States this year will consume about 24 billion gallons of 
gasoline of which more than 25% will be burned in trucks 
and buses. Obviously, deviations from those grades pro 
duced in large quantities must add to the cost of the fuel, 
even if a buyer were to specify a product of lower volatility 
or lower octane value. 

Each refiner constantly endeavors to improve the qual 
ity of his product as an inducement to the public to pur 
chase his gasoline. No refiner can long afford to produce 
a product which does not compare favorably with that of 
his competitors. His gasoline must start the engine quickly, 
warm it up fast, give good mileage, and have sufficient 


[This paper was presented at the Semi-Annual Meeting of the Society, 
White Sulphur Springs, West Va., June 10, 1940.] 
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by WILLIAM H. HUBNER 


Refinery Technology Division, Ethyl Gasoline Corp. 


A° the supplier of fuel energy for highway trans- 
portation, the petroleum refiner has the prob- 
lem of producing gasolines on a mass-production 
basis which will be satisfactory in many types of 
engines operated under widely different driving 
conditions. This problem is complicated by the 
complex chemical and physical characteristics, both 
of the raw materials with which the refiner must 
work and of his finished products. 


This paper reviews the refiner's solution to this 
problem from the viewpoint of the transportation 
and maintenance engineer, and discusses the trends 
of the major characteristics of gasoline, namely, 
volatility, antiknock quality, sulfur content, gum 
content, and chemical composition. It suggests 
that the design of future engines will be in the di- 
rection of units of smaller size, having higher com- 
pression ratios, yielding higher power output and 
greater fuel economy, and requiring fuels of higher 
antiknock properties. It seems probable that, in 
the future, more emphasis will be placed on im- 
proving economy as well as on improving per- 
formance. It indicates that, although the trend 
has been toward more volatile fuels, apparently 
a leveling-off point has been reached. The im- 
portance of low gum content and good storage 
stability is stressed. Sulfur content is becoming less 
important so far as corrosion problems are con- 
cerned, and reduction in sulfur is now largely a 
question of the economics of producing high-oc- 
tane fuels. 


The paper also describes the composition of 
modern fuels and the new refining methods of 
polymerization, catalytic cracking, catalytic re- 
forming, and alkylation. 


antiknock value to stand the strains of hills and accelera 
tion without knocking. It must not be corrosive to metals 
or contain gummy materials in quantities sufficient to 
aggravate the formation of engine deposits, clogging of 
carburetor jets, or the sticking of valves and piston rings. 
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In other words, his gasoline must be a balanced fuel, one 
in which careful attention has been given to volatility, anti- 
knock quality, corrosive sulfur content, gum content, and 
chemical composition. 


# Volatility 


Volatility is one of the most important characteristics of 
a balanced motor fuel. It governs readiness to start, be- 
havior during warm-up, behavior during normal operation, 
tendency to dilute crankcase oil, and liability to vapor lock. 
The trend in volatility during the past ten years, as illus- 
trated in Fig. 1, has been toward more volatile fuels but 
indicates a tendency during the last five years to level off. 
Probably this trend to level off will be extended during the 
coming years unless there are some radical changes in 
engine design or operating conditions. 

It is often felt by fleet operators that their equipment is 
penalized by conventional grades of gasoline as a result of 
this trend toward more volatile fuels. This is not neces- 
sarily true. Some investigators have found that fuel vola- 
tility, except in extreme cases, has little or no effect on cost 
per ton-mile. Some have reported that engine power actu- 
ally can be raised by increasing overall volatility without 
adversely affecting gasoline economy. On the other hand, 
heavy-duty continuous operation with infrequent stops has 
shown better economy with less volatile fuels. 

One of the problems of bus and city truck operation is 
the smoke and odor nuisance. A less volatile fuel, par- 
ticularly in the upper end of the boiling range, might only 
aggravate this condition unless suitable changes were made 
in engine and intake-manifold design to fully vaporize and 
burn the heavier materials. 

The volatility of gasoline is indicated by its distillation 
characteristics. The distillation is carried out according to 
standard ASTM procedure, D 86-38, in which 100 cc of 
the gasoline are heated in a flask at a constant rate and 
the vapors are condensed and collected. Since it is impos- 





sible to speak of distillation in general terms, it is customary 
to refer to specific points on the distillation curve when 
discussing volatility. The 10% point is generally accepted 
as a measure of the cold-starting abilities of a gasoline. 
Readiness to start is also influenced by the slope of the 
distillation curve at the 10% point, a flat curve indicating 
better cold-starting characteristics. 

Engine behavior during the warm-up period, which in 
cludes the ease with which an engine starts, the rapidity 
with which the vehicle can be put into service, and its 
initial acceleration, is usually thought to be related to the 
“front-end” volatility. Different investigators have differ- 
ent ideas as to how this should be expressed. That part 
of the distillation curve lying between the 15 and 45% 
points, or even as high as the 70% point, is believed by 
some to be the best indication of this front-end volatility. 
Others suggest that the 35% point determines the length 
of the warm-up period. Still others have selected the per 
centage distilling below a temperature of 158 F as a 
measure of such characteristics. Naturally, all these rela 
tions are affected by engine design and by the amount of 
heat applied to the air-fuel mixture. 

Behavior during normal operation is related to the “over 
all” volatility of the gasoline. Some consider the 90% point 
to be a satisfactory criterion of this overall volatility. 
Others prefer a combination of the 10, 50, and go% points. 
In either case, such relations cannot be defined more def 
nitely than to say that the lower the distillation curve, the 
more volatile the gasoline and, consequently, the more uni- 
form the distribution to the various cylinders at low engine 
speeds and the smoother the operation under these condi 
tions without the application of considerable manifold heat. 

The tendency of the gasoline to dilute crankcase oil in 
creases as the overall volatility decreases. Since the 90% 
point, as already mentioned, gives a fairly definite measure 
of total volatility, it is usually taken as an indication of 
the tendency of a gasoline to give crankcase dilution. How 
ever, where jacket-water temperatures are controlled ther 





PREMIUM GRADE 


+ 


1930 1935 1940 1930 1935 
YEAR YEAR 


REGULAR GRADE 





THIRD GRADE 


m Fig. | —Trends in 
volatility of motor 
fuels 


1940 1930 1935 1940 


(——SUMMER; ——-WINTER, ----“ ESTIMATED) 





SAE Journal (Transactions), Vol. 47, No. 4 














mostatically and where crankcase ventilators are used, dilu- 
tion has become a less serious problem. 

‘The tendency of gasolines to vapor-lock in the fuel sys- 
tem of a vehicle or to evaporate during storage, handling, 
or use is, for all practical purposes, measured by the vapor 
pressure. This assumes that the gasolines used are of con 
ventional volatility. In a properly stabilized gasoline, free 
from propane, there is an approximate relation between the 
10% point and the tendency to vapor-lock. It is probably 
correct to say that, in two gasolines of the same vapor pres- 
sure, the one with the lower 10% point or the greater per 
cent evaporated at 158 F will have the greater tendency to 
give vapor lock. Vapor pressure is determined by an 
ASTM test, D 323-39T, in which the gasoline is placed 
in a specially constructed steel cylinder and the pressure 
is measured after the gasoline and cylinder have reached 
an equilibrium temperature of roo F. ‘It should be pointed 
out that refiners cannot be expected to market fuels which 
will perform satisfactorily in fuel systems at unnecessarily 
high temperatures without giving vapor lock. Manutfac- 
turers should protect all fuel lines from excessive tempera- 
tures and, according to recently obtained unpublished data, 
fuel systems in many cases should be redesigned to main 
tain lower temperatures. Fleet operators can help them 
selves by keeping fuel pumps up to maximum capacity. 7 

Most buyers prefer to purchase the standard grades of 
gasoline offered by refiners, although some prefer to buy 
gasoline on their own-volatility specifications. If the buyer 
chooses the latter course, the spread between the maximum 
and minimum values for the important control points 
should not be so narrow that the oil refiner is asked to 
supply a tailor-made product at a mass-production price. 
A combination of the 10, 50, and go% points appears to 
offer a satisfactory means for volatility control. Certain 
refiners prefer other combinations, such as, the per cent 
at 158 F and the go“@ point or the per cents at 158, 212, 
and 284 F, and the go0% point. The CFR winter and 
summer motor gasoline surveys, published by the Bureau 
of Mines, are an excellent guide to the fleet operator in 
determining the volatility characteristics of the fuels mar 
keted in his locality. Average values for the entire coun- 
try are given in Fig. 1. Each operator should study the 
volatility and vapor-pressure requirements of his equipment 
and select fuels best suited to his type of service. 


w Antiknock Quality 


Every fleet operator, in fact every motorist, would like 
to get more miles from a gallon of gasoline. This can be 
and will be obtained through the use of higher compres 
sion ratios alone or in combination with supercharging. 
Compression ratio, brake mean effective pressure, and 
horsepower per cubic inch piston displacement have been 
increasing over the past 10 years, as shown in Fig. 2, but 
most of the increase has been utilized in producing greater 
acceleration and higher top speed in passenger cars and 
increased payloads and faster schedules in trucks and buses. 
Less attention has been paid to economy of operation. It 
is believed, however, that performance as reflected by 
acceleration and top speed has reached a leveling-off point 
it passenger cars and that, in the future, more emphasis 
will be placed on economy. Fleet operators are still inter- 
ested in increased performance as well as in increased 
economy. 

The development of higher compression engines must 
depend upon improvements in the antiknock quality of 
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m Fig. 2—Trends in car, truck, and bus engines 


gasoline because the tendency of the fuel to knock limits 
the ability of the spark-ignition engine to convert the heat 
energy of the fuel into mechanical power. The oil indus- 
try already has demonstrated its ability to provide higher 
octane fuels. Aviation fuels of 95 to 100 octane number 
are now being produced commercially in quantities four 
to five times the combined needs of the United States 
military services, airlines, and private flyers. Some of this 
is finding its way into premium-grade fuels. Although 
today’s automotive engines do not require fuels of such 
high octane number, their demands have risen steadily. 
Fig. 3 shows that the average octane rating of regular 
grade gasoline has increased approximately 15 points dur- 
ing the last 10 years, reaching 74 ASTM (Motor) method 
early this year according to a survey by the Ethyl Gasoline 
Corp. This octane rise has not been uniform. It has 
resulted from increased octane competition among refiners, 
which was occasioned by changes in laboratory knock- 
rating methods, by the use of tetraethyl lead in regular- 
grade gasoline, by the development of new and improved 
methods of refining, and by steadily rising compression 
ratios and octane requirements. 

Octane numbers will continue to rise. One might just 
as well expect the world to stand still as to expect the 
forward march of engines and their fuels to cease. It is 
likely, however, that the increase will be gradual because 
automotive and petroleum technologists recognize more 
than ever before the value of closer cooperation so that 
engine design and fuel development may progress together. 

That engines will be designed to utilize higher octane 
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fuels efficiently is indicated by a statement made recently 
by C. F. Kettering to the effect that, although develop- 
ments are still in the experimental stages and there are 
many problems still to be solved, design of future engines 
will be in the direction of units of smaller size, having 
higher compression ratios, yielding higher power output, 
and requiring motor fuels of higher antiknock properties. 
That engines can be designed to utilize the best fuel that 
the oil refiner is capable of producing has been pointed 
out in a number of recent publications. Several years ago 
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m Fig. 3—Trends in antiknock quality of motor fuels 


the General Motors Corp. carried out an elaborate research 
project to determine the possibilities of increasing com 
pression ratio in a 1934 valve-in-head engine under condi- 
tions in which the antiknock value of the fuel was no 
longer a limiting factor. By changing the rear-axle ratio 
to give equal acceleration at low speed, it was found pos- 
sible to increase miles per gallon by an average of 43% 
in the speed range between 25 and 60 mph, when using 
g5 road octane fuel at a compression ratio of 8.0:1 as com- 
pared with 69 road octane fuel at the original ratio of 
5.25:1. More recently, a series of tests conducted by the 
Ethyl Gasoline Corp. in a 1940 model of the same make 
showed that, by increasing fuel antiknock value from 75 
to go road octane number, by raising compression ratio 
from 6.1:1 to 8.0:1, and by changing the rear-axle ratio to 
give equal acceleration at low speed, the average economy 
on the road was improved 35% in the same speed range. 
It should be pointed out that the results in both cases 
were obtained under carefully controlled test conditions 
and that in normal highway service, this increase might be 
reduced somewhat because of traffic driving. In addition 
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to this gain in economy, high-speed acceleration was 


very 
much improved, and top speed was increased by more than 
10 mph. 


Increase in compression ratio is only one of the methods 
by which engines may utilize fuels of higher antiknock 
value. In aircraft design it has been demonstrated that a 
supercharged engine can utilize fuel of as high antiknock 
value as may be available. There is a good chance that 
the future may see this development followed extensive) 
in automotive design, although little has been done except 
for special purposes. Laboratory tests on an 8-cyl valve-in 
head engine showed that, with a ro to 12 octane-number 
improvement in the fuel, it was possible almost to double 
the maximum horsepower by supercharging. Another in 
teresting application of supercharging is illustrated in Fig. 
4, wherein the fuel-consumption characteristics of a large 
unsupercharged engine at part load are compared with 
those of another engine of half the displacement in which 
a supercharger cuts in whenever full-throttle operation is 
required. It is obvious that the part-load economy of the 
smaller engine is vastly superior to that of the larger engin: 
under such conditions. 

Many other examples of improved performance through 
higher compression ratios and higher octane fuels could be 
cited. For instance, it has been pointed out that the aver 
age horsepower developed by 1g40 car, truck, and bus 
engines has increased about 25° over 1930 engines of 
similar displacement. A large part of this increase in 
power can be attributed directly to the improved antiknocl 
and volatility characteristics of present-day fuels. As 
another example, road tests conducted near San Bernardino, 
Calif., have shown that, for a given payload, schedules 
could be speeded up 7 


/ 


to 8% and fuel consumption de 
creased g to 17° by raising compression ratio to take full 
advantage of an increase of 8 octane numbers in the anti 
knock quality of the fuel. 


m= Correlation a Difficult Problem 


With the value of high-octane fuels established, the r 
finer still has a peculiar and difficult problem in correlat 
ing antiknock performance in the vehicle on the highway 
with suitable laboratory test methods for controlling this 
quality. The refiner realizes that final judgment on anti 
knock value is passed by the driver based on the road per 
formance of the gasoline in his particular vehicle. The sit 
uation is complicated by the fact that there are about 25 
million passenger cars and 5 million trucks and buses on 
the highway, in all degrees of operating efficiency, and 
by the fact that opinions differ on what constitutes ob 
jectionable knock. 

The refiner’s first problem, therefore, is how to deter 
mine road performance and what technique to use. Should 
tests be run on a dynamometer in the laboratory or actually 
on the highway? How many different makes and models 
of passenger cars and commercial vehicles should be in 
cluded in the test? In evaluating results, should weight b« 
given to the fact that sales between different makes and 
models vary, or should each vehicle tested be given equal 
standing in the final tabulation? At present, several re 
finers are determining road octane values on a limited 
number of engines on a dynamometer, others are confin 
ing their tests to a very few cars either on the road or on a 
chassis dynamometer, while still others are conducting such 
tests exclusively in a large number of cars on the road. 
Relatively little testing is done in commercial vehicles. 
Until a generally recognized procedure for determining 
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road octane values is adopted and followed, all such ratings 
must be accepted with a certain reserve. The CFR Com 
mittee is planning to conduct road tests in California late 
this summer, and it is possible that these tests may clarify 
this involved and complex problem. 

Road pertormance guides the refiner in establishing the 
antiknock specification of his gasoline. The only way a 
refiner can be certain of providing a fuel with optimum 
road pertormance is first to determine the desired fuel 
composition through an adequate number of road tests 
under different operating conditions with a number of rep 
resentative vehicles, and then to use one or more laboratory 
tests to insure uniformity of product. His second problem, 
therefore, is to find the laboratory test or combination of 
tests which will enable him to control antiknock quality 
during production. The three laboratory test methods in 
use at the present time are the ASTM, CFR Research 
(1939), and L-3 methods. 

The ASTM method, D 357-39, is the standard method 
ot the American Society for Testing Materials. It was 
adopted as standard in 1939, although it has been used 
as a tentative standard since 1933. Prior to that time it 
was known as the CFR Motor method and was based on 
the results obtained by the CFR Committee in the summer 
of 1932 during five weeks of cooperative road tests at 
Uniontown Mountain and two weeks ot laboratory tests 
at the Waukesha Motor Co. This method has been referred 
to in the literature by several names, ASTM, ASTM-CFR, 
ASTM (Motor), CFR Motor, and Motor. For simplicity 
and to avoid confusion, the term ASTM (Motor) or Motor 
will be used hereafter in this paper. If no designation is 
used, the ASTM or Motor method is to be understood. 

The CFR Research method (1939) was developed by the 
CFR Committee primarily for research purposes and was 
adopted in its present form last year. It is an outgrowth of 
the old Research method developed during the early days 
of knock testing and was used as the standard knock-test 
method for nearly two years prior to the adoption of the 
CFR Motor method in 1932. For simplicity, the term Re 
search will be used hereafter in this paper. 

The L-3 method was developed in 1936 by a representa 
tive group of Ethyl licensees in an endeavor to obtain a 
closer correlation with average road ratings than was pos 
sible with the Motor method. The Ethyl Gasoline Corp. 
accepted this method as an optional procedure for rating 
lead treated gasolines. 

In general, each method gives a different octane value 
for a given fuel, but there is no constant difference between 
any two methods for all types of fuels. With few excep 
tions, the Research method gives the highest ratings and 
the Motor method the lowest, with L-3 ratings falling be 
tween the two but closer to the Motor method. The fol 
lowing octane ratings on three types of gasoline—(1) a 
typical leaded blend of straight-run and cracked, (2) a non 
leaded cracked, and (3) a highly leaded straight-run — illus- 
trate the results obtained by the various laboratory test 
methods: 


Fuel No. Motor Method L-3 Method Research Method 
I 75.0 76.5 80.0 
2 73.0 75.5 Sr. 
78.0 75 .( 738.0 


The L-3 method proved in practice to have few, if any, 
advantages over the Motor method and, at the present 
time, is being abandoned. Recently the Western Petroleum 
Refiners Association changed its official octane specifica 
tions from the L-3 to the ASTM (Motor) method, and 
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the Ethyl Gasoline Corp. has taken similar action. Several 
major refiners have adopted a combination ot the Motor 
and Research methods as a means for controlling the uni 
formity of their products. In certain sections of the coun 
try, octane ratings of 74 to 75 Motor and 80 Research 
method are now being specified for regular-grade gasolines 
and 80 Motor and 86 to 87 Research for the premium 
grades. It is believed that the average of the Motor and 
Research methods gives a better indication of the perform 
ance of an average fuel in an average car today than does 
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= Fig. 4—Fuel economy of an unsupercharged engine and of a 
supercharged engine having one-half the displacement and the 
same maximum power 


either method by itself. In heavy-duty truck and bus oper 
ation, the Motor method has proved to be the better 


criterion. 


w Sulfur 


All crude oils contain sulfur, some more than others. 
Part of the sulfur is carried through the refining operation 
to the gasoline. Except in a few cases, sulfur content has 
been held rigidly to a maximum of 6.1 


Or 


©, as determined 
by ASTM procedure, D go-34T. At the time this limitation 
came into existence it was not based directly on compre 
hensive tests, although it did have some experimental sup 
port. However, now that jacket-water thermostats, crank 
case ventilators and, in some cases, radiator shutters have 
come into general use, the value of such a rigid limit on 
total sulfur content is questionable. In fact, tests con 
ducted during recent years, first in California and later in 
other parts of the country during the winter months, have 
shown no harmful effects with gasolines containing up to 
0.3% of non-corrosive sulfur. As a result, less emphasis 
probably will be placed on the sulfur specification. In 
some states it already has been raised to 0.25%. However, 
sulfur reduction and even complete sulfur removal may 
still be necessary in many instances because of the dele 
terious effect of some sulfur compounds on lead suscepti 
bility. The question is how much sulfur should be removed 
to produce a non-corrosive fuel without unduly increasing 
refining costs. The refiner must decide to what extent the 
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cost of sulfur removal will offset the cost of raising his 
gasoline to the desired antiknock rating by other means. 

Sulfur may be present in gasoline as free sulfur, hydro- 
gen sulfide, or any one of a number of organic sulfur 
compounds. Hydrogen sulfide may be removed simply by 
treatment with caustic soda. Sulfuric acid has long been 
used where necessary to reduce total sulfur content by dis- 
solving out free sulfur and certain of the more stable 
organic sulfur compounds. Mercaptans, one type of organic 
sulfur compound, are only partially removed by sulfuric 
acid treatment and, like hydrogen sulfide, are particularly 
offensive because of their odor. They are generally elimi- 
nated by conversion to odorless disulfides through an oper- 
ation known as sweetening. Doctor solution and copper 
salts are the two most widely used sweetening agents. It 
is now recognized that both the mercaptans and disulfides 
have an adverse effect on the lead susceptibility of gasoline. 
Consequently, newer treating methods are being developed 
which aim to remove the mercaptans entirely instead of 
merely converting them to disulfides. Notable among these 
processes are: (1) the catalytic methods of the Houdry 
Process Corp., (2) the bauxite method of the Phillips 
Petroleum Co., and (3) the solutizer method of the Shell 
Oil Co. Such methods are being used chiefly in the prep- 
aration of aviation or other base stocks where the conse- 
quent savings in tetraethyl lead justify their greater cost, 
but in the future may have widespread application in treat- 
ing conventional motor fuels. 

There is a feeling among refiners that the Doctor-sweet 
test should be eliminated from fuel specifications, since 
such a test in no way insures gasoline quality from the 
consumer's point of view. The most widely used test is 
known as U. S. Bureau of Mines method 520.3. A satis 
factory test for corrosion is now embodied in the ASTM 
test for free sulfur and corrosive compounds, D 130-30. 
Even if the Doctor test were eliminated, most refiners and 
marketers would not purposely supply a gasoline with an 
objectionable odor because, as in the case of total sulfur, 
economic would 


considerations limit 


mercaptans. 


the quantity of 


= Gum 


Gum is formed in gasoline by the oxidation of certain 
reactive unsaturated hydrocarbons. It is responsible for a 
number of operating difficulties such as sticking valves, 
stuck piston rings, excessive engine deposits, coating of 
intake manifolds, and clogging of carburetor jets. Usually, 
the maintenance engineer can avoid such difficulties simply 
by purchasing gasoline from reputable companies. Other- 
wise the operator must maintain rigid specifications on 
gum content and storage stability. By gum content is 
meant the non-volatile resinous material present in the 
gasoline at the time of test, usually termed existent, pre- 
formed, or actual gum. This type of gum is determined 
by a standard ASTM procedure, D 381-36, in which 50 cc 
of gasoline are evaporated in a glass dish at 305 to 320 F 
by blowing heated air across the surface. The gummy 
residue is weighed, and the result is expressed as mg of 
gum per roo cc of gasoline. More than 7 mg per 100 cc 
are definitely objectionable, and most refiners work to a 
gum content well below this amount, normally 2 to 3 mg. 
A freshly distilled gasoline which has had no contact with 
air should contain no preformed gum. If poorly fraction- 
ated, the heavy ends may leave a residue in the ASTM 
gum test, but this is less harmful than actual gum. Some- 
times refiners or marketers add oils or other materials 
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which, although not gums, are not sufficiently volatile to 
be evaporated during the standard ASTM procedure. This 
difficulty is overcome in certain cases by specifying a higher 
bath temperature of approximately 400 F but, for general 
use, such a modification does not appear to be desirable. 
The word gum is also often used when referring to 
what is more accurately termed potential gum, that is, gum 
which may be formed in the gasoline during storage. The 
preformed gum test gives no indication of potential gum. 
Instead, the potential gum-forming characteristics are indi 
cated generally by an accelerated oxidation or aging test 
in which a definite quantity of gasoline is subjected to 
oxygen at 100 lb per sq in. pressure and a temperature of 
212 F. In the tentative standard ASTM procedure, 
D 525-391, a 100-cc sample is used in a glass-lined stain 
less-steel bomb. The length of time elapsed before the 
gasoline begins to absorb oxygen at a definite rate is taken 
as an indication of the gum stability of the gasoline. This 
is known as the induction period. The amount of poten 
tial gum is indicated by the copper-dish gum test, usually 
the one developed by the Atlantic Refining Co. Sometimes 
the copper-dish gum content by itself is taken as an indi 
cation of storage stability, but most experts believe it to 
be of value only when considered in conjunction with the 
induction period, a combination of low copper-dish gum 
and high induction period insuring the greatest stability. 
Experts claim that copper-dish gum should be kept below 
25 mg per 100 cc of gasoline. It is claimed also that this 
gum figure of 
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25 mg and an induction period of 300 min 
normally will insure a storage stability of 6 to g months. 
If an inhibitor is used, at least 180 min should be attribu 
table to the inhibitor whose function is to react with the 
peroxides formed during oxidation and thus prevent gum 
formation. 

The addition of an inhibitor is not the only way in 
which gum formation during storage can be avoided. 
Before inhibitors clay 


sulfuric acid and 


treating were used extensively for this purpose. 


were known, 
In such 
treating methods, the gum-forming hydrocarbons are actu 
ally removed from the fuel as heavy polymers. In cases 
where the proportion of gum-formers is not too great, the 
addition of a suitable inhibitor is a cheaper and an equally 
effective method. However, in extreme cases a clay or 
mild-acid treat, in addition to a small amount of inhibitor, 
is often utilized to insure proper storage stability. With 
the increasing use of cracked gasolines and other potential 
gum-forming materials, it is believed that stricter adherence 
to gum tolerances will become necessary. It is also likely 
that the increased use of such fuels might see a trend 
toward a form of clay or catalytic treatment to insure low 


gum content both before and after storage. 


w Fuel Composition 


The production of gasoline is fast becoming a chemical 
art. The refiner still has the same raw materials with 
which to work, but new methods have been discovered 
for rearranging the hydrocarbon structures so as to im 
prove gasoline quality. Chemistry touches life so frequently 
these days that even the general public has become inter 
ested in the new refining processes. 

In the early days of the oil industry, natural and 
straight-run gasolines were the only products available for 
motor fuels. Natural gasoline is the very volatile liquid 
extracted from natural gas and casinghead gas. At pres- 
ent there are about 620 natural gasoline plants in the 
United States which produce approximately 7% of the 
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total motor fuel. These plants extract the commercially 
liquehable hydrocarbons and then return the remaining 
dry gases to utility systems for heating and lighting pur- 
poses or to refineries for conversion to more valuable fuels 
by catalytic or other means. Natural gasoline consists pri- 
marily of the straight- and branched-chain parafhin hydro- 
carbons, butanes, pentanes, and hexanes, and is used chiefly 
in blends with other motor fuels to improve volatility and, 
in some cases, antiknock quality. Antiknock values vary 
from 55 to 85 octane number, Motor method, depending 
upon vapor pressure and source. Research method octane 
numbers are no higher than corresponding Motor ratings. 
When stabilized to conventional vapor pressures, natural 
gasoline is sold as regular motor fuel, usually with the ad- 
dition of tetraethyl lead to which it is very. susceptible. 

Straight-run gasoline is obtained from crude oil by 
simple distillation in which the crude oil is heated to 
boiling temperature, usually at atmospheric pressure, and 
the vapors that are formed are collected and condensed. 
That portion boiling up to about 400 F is generally termed 
straight-run gasoline. The qualities of such a gasoline are 
entirely dependent upon the properties of the crude oil 
from which it is distilled. Most straight-run gasolines are 
essentially paraffinic in character and have Motor-method 
octane values as low as 20, although similar products from 
aromatic and naphthenic-type crudes may rate as high as 
>o octane number. There is little difference between Re- 
search and Motor method ratings. Straight-run gasolines, 
like natural gasolines, are highly susceptible to the addi- 
tion of tetraethyl lead. The average yield from crude oil 
is about 23%. At present, straight-run gasoline constitutes 
about 43% of the total gasoline production, but it is 
estimated that 20 to 25% of this is Converted to higher 
octane fuels by the reforming operation described below. 

With the growth of the automotive industry during 
the 1915-1920 period, the demand for motor fuels in 
creased. This demand was met by the development of the 
thermal cracking process which increased the yield of gas- 
oline from crude oil. In this operation, high pressures 
and temperatures are applied to the heavier fractions re- 
maining after the straight-run gasoline and other desirable 
constituents are removed, to break them down into mate 
rials in the gasoline boiling range. The cracked product 
has a different chemical composition than the straight-run 
At first it was 
believed to be an inferior product, principally because of 
its gum-forming tendencies, but it was later found to be 
superior in antiknock properties. This improvement in 
antiknock is due to the presence of the unsaturated and 
aromatic hydrocarbons formed during the cracking opera- 
tion. Octane values vary from 6 to 80 Motor method 
depending upon the charging stock and the severity of 
cracking conditions. Research method ratings are 3 to 10 
octane numbers higher. The lead susceptibility of cracked 
gasoline is less than that of straight-run and natural gas- 
olines. At present, thermally cracked gasoline constitutes 
about 43% of the total gasoline production. 

At this point, the refiner had four materials with which to 
prepare a balanced fuel, namely, natural gasoline, straight- 
run gasoline, cracked gasoline, and tetraethyl lead, the last 
having appeared on the market early in 1923. For years, 
cracking and leading were competitive methods for improv- 
ing antiknock value. This competition led to further refine- 
ments in the cracking art, resulting in greater yields of a 
higher octane product from heavy oils. It also led to the ap- 
plication of the thermal cracking process to low-octane 


gasoline from the same crude source. 
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straight-run gasolinesandnaphthas. Thisoperationis known 
as reforming. Like cracking, reforming alters the chemical 
composition so that a greater proportion of higher anti 
knock hydrocarbons is obtained. Octane ratings of re- 
formed gasolines are usually several points higher than 
those of cracked gasolines from similar crude oil sources. 
Although the use of the reforming operation is increasing 
rapidly, thermally reformed gasoline constitutes only about 
10% of the total gasoline préduction. This amount 1s 
included in the 43% figure just given for straight-run 
gasoline. 


w Utilization of Gas 


In the operation of the cracking and reforming processes, 
a considerable quantity of gas is formed depending upon 
the antiknock quality of the gasoline produced. For years, 
such gas was either burned in the refinery furnaces or 
sold for lighting and heating purposes, in many cases 
bringing very little return to the refiner. Its economic dis- 
posal was a real problem. This gas is a mixture of parafhn 
and olefin hydrocarbons containing 1 to 4 atoms of carbon 
per molecule. In the early 1930’s it was found that certain 
of the olefin or hydrogen-deficient gases such as propene, 
normal butene, and isobutene could be made to react 
among themselves under suitable conditions of heat and 
pressure, with or without a catalyst, to yield a liquid 
product boiling in the gasoline range. This reaction is 
known as polymerization. In simple terms it consists of 
joining together two or more molecules to form a single 
molecule of higher boiling point. Today, polymer gasoline 
constitutes about 2% of the total gasoline production. Until 
a few years ago only the larger refineries could produce 
polymer gasoline economically. Now, there are more than 
65 plants operating, 50 small and approximately 15 large 
ones, with many more under design or construction. Most 
of the smaller units are of the catalytic type, but the larger 
units are about equally divided between the catalytic and 
thermal types. Polymerization may be either selective or 
non-selective. Conventional motor fuel is produced by the 
non-selective polymerization of refinery gases. This 
product rates 78 to 82 octane number, Motor method, and 
has rather poor lead susceptibility. Research method rat 
ings are 10 to 14 octane numbers higher. The selective 
process is used only when the desired product is an iso 
octane aviation gasoline. If 99 to 100 octane iso-octane 
is desired, isobutene alone is polymerized yielding iso 
octene of 84 octane number, Motor method, which, when 
hydrogenated gives iso-octane of almost the same quality 
as that used as a standard in knock testing. The iso-octane 
generally used commercially rates 95 to 97 octane and is 
produced by utilizing both isobutene and normal butene. 
It is estimated that about 200 million gallons of this com- 
mercial iso-octane are being produced annually in the 
United States. Most of it is being blended with high-octane 
aviation straight-run gasoline, isopentane, and tetraethyl 
lead to produce 95 to 100 octane aviation fuels. 

More recently, catalytic cracking and reforming have 
been added to the methods for producing high-octane 
motor and aviation fuels. These processes differ from the 
thermal cracking and reforming developed in the earlier 
days of the industry in that they utilize a catalyst, in 
addition to heat and pressure, to effect the conversion. 
The catalytic action not only permits the use of milder 
cracking conditions but controls the chemical reaction more 
closely than does thermal cracking so that less gas and a 
higher octane gasoline are obtained. A catalyst is defined 











Table 1 — Quantity of Motor Fuel Components Produced in United States 
Per Cent of Total Production 
1930 1935 


1940* 
Natural Gasoline... ... ie. 10 7 7 
Straight-run Gasoline..................... 52 43 33 
Thermally Cracked and Reformed Gasolines 38 49 53 
Catalytically Cracked and Reformed Gasolines 0 0 4 
Polymer Gasoline............. ies 0 <0.5 2 
Alkylate and Iso-cctane....... 0 <0.1 1 
Total Production in Millions of Gal. 18,154 19, 230 26 680 


* Estimated, based on 1939 figures and trends in refinery practice. 


Table 2 — Estimated Average Antiknock Quality of Motor Fue! Components 
Octane Number 


Clear +1 cc TEL/Gal +3 cc TEL/Gal 


Motor Research Motor Research Motor Research 
Natural Gasoline 65 65 7 75 85 85 


Straight-run Gasoline. 50 50 60 60 70 70 
Thermally Cracked and 

Reformed Gasolines . 70 77 75 83 79 88 
Catalytically Cracked and 

Reformed Gasolines 78 89 83 94 86 98 
Polymer Gasoline. ........ 79 92 81 94 82 96 
Alkylate (400 F E. P.)... 90 90 100 100 (a) (a) 
Commercial Iso-octane 96 96 a) (a) (a) (a) 


(a) Over 100 octane number. 





as a compound which has the ability to make a given 
reaction occur without itself being changed or consumed 
during the conversion process. Thus, except for replace- 
ments due to mechanical loss or eventual contamination 
and loss of activity, the catalyst can be used again and 
again as the reaction-provoking agent simply by proper 
reactivation. 

The Houdry process, announced in 1938, was the first 
catalytic cracking and reforming process to attain com 
mercial status. Although invented by Eugene Houdry 
many years ago in France, it was brought to its present 
state of development in the United States under the joint 
leadership of the Houdry Process Corp., the Socony 
Vacuum Oil Co., and the Sun Oil Co. Other catalytic 
cracking and reforming processes are being developed by 
(1) the Universal Oil Products Co. in cooperation with 
the Shell Oil Co., the Sinclair Refining Co., and The Texas 
Co., and (2) the M. W. Kellogg Co. in cooperation with 
the Standard Oil Development Co. and the Standard Oil 
Co. (Ind.). Catalytic refining capacity for about 4% of 
the total gasoline production, principally of the Houdry 
type, has been or is being installed in the United States. 
Octane ratings of this material vary from 76 to 82 octane 
number depending upon the charging stock and the oper- 
ating conditions employed. Research method ratings are 
6 to 12 octane numbers higher. The lead susceptibility 
of the lower octane product is considerably better than 
that of the higher octane material which contains a rela- 
tively larger percentage of unsaturated hydrocarbons. 

The latest addition to the petroleum refining art is 
alkylation. This process is a “half-sister” of both 
polymerization and hydrogenation in that it provides in 
one step a saturated type of product similar to that pro- 
duced in two steps by a combination of polymerization 
and hydrogenation. Alkylation combines one molecule of 
an olefin with one molecule of a paraffin hydrocarbon. 
Although alkylation may be carried out with a variety of 
olefins and paraffins, at present, isobutane is the most 
widely used paraffin partly because it produces the highest 
octane product and partly because its high volatility and 
high vapor pressure prevent its direct use in motor gaso- 
line. Isopentane and isohexane, two other possibilities, are 
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OCTANE NUMBER 


in themselves valuable constituents of both aircraft and 


conventional motor fuels. Ethylene, propene, normal 
butene, and isobutene are the most common olefin react 
ants. Two alkylation processes are now in commercial 
use, one a catalytic and the other a thermal process. The 
catalytic process is now being used quite extensively in 
the manufacture of high-octane aircraft fuels, although a 
limited amount is finding its way into premium motor 
fuels. Present or contemplated production of this catalyti 
cally produced alkylate is estimated at about 200 million 
gal per year. A goo F end point alkylate will rate about go 
octane number, both Motor and Research methods, with 
good lead response. Thermal alkylation first became known 
as a means of providing a product called “neohexane.” 
According to reports, a commercial plant is now producing 
about 4 million gal a year of this product trom isobutane 
and ethylene. With a boiling point of 121 F, a Reid 
vapor pressure of 9.5 lb per sq in., a Motor method octane 
rating of 95, and excellent lead susceptibility, this material 
will find its greatest use as a “front-end” blending agent 
for aircraft fuels of 100 octane and higher. 

Since the refiner is faced constantly with the factor ot 
cost, the amounts of these various materials used in the 
final motor fuel blend must be governed by the expensé 
of production as well as by the blending characteristics 
of the individual products. The higher octane materials 
usually cost more to produce and, as a result, are blended 
with the less expensive products. At present, most regular 
and premium grade motor fuels are still largely blends of 
straight-run, thermally cracked and reformed, and small 
amounts of polymer gasoline, with sufhcient natural gaso 
Catalytically 
cracked gasoline artd alkylate are being used only to a 
limited extent. Tetraethyl lead is added to raise the anti 
knock quality to the desired level. Third-grade gasolines 
are essentially straight-run, with or without lead. The 
concentration of tetraethyl lead varies from as little as o 
cc to a maximum of 3.0 cc per gal, with more than 75‘ 


line added to give the proper volatility. 


of all motor fuel sold today being so treated. Tetraethy! 
lead is used wherever it is the most economical way to 


obtain and maintain any given octane level; its use in the 
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future probably will be based on the 
factors of refining. 


Same economic 


The quantity and quality of the various components of 
present-day and future motor fuels are summarized in 
Tables 1 and 2 and Fig. 5. 


® Conclusions 


It is obvious that the refiner has a rather difficult course 
to follow in producing satisfactory motor fuels. His raw 
materials and finished products are complex combinations, 
both chemically and physically. His products must be 
utilized by all types of engines under all sorts of condi 
tions. In addition, the demand for gasoline is so tre 
mendous that the refiner must produce on a mass-produc 
tion basis. Fortunately, gasolines and engines can be placed 
in several broad groupings so that a comparatively few 
grades of fuel are required for generally satisfactory engine 
performance. 

Gasoline is not a static product, as the continual im 
provement of engines, springing from research in engine 
design and advancements in fuel technology, has resulted 
in a steady advance in quality. This advancement is likely 
to continue along well-defined lines. Volatility apparently 
has reached a leveling-off point, although the trend is 
toward more volatile fuels. The trend in antiknock value 
is definitely upward. It is not unlikely that, by 1945, road 


octane values will reach a level of 95 for premium 





— Everett Allen 


General Motors Truck & Coach Division, 
Yellow Truck & Coach Mfg. Co. 


WOULD like to ask why volatility increases with the grade of 

fuel? The supercharged engine diagram shown by Mr. Hubner 
was very interesting. We have produced a few hundred (actually 
357) supercharged engines and found that we are not quite able to 
equal the economy of a larger engine not supercharged which had 
the same power output as the supercharged engine. Was the same 
octane number value of fuel used in both tests shown in the super 
charged engine diagram? 


Reply — Mr. Hubner 


HE higher octane grades of fuel are made more volatile in an 

effort to give the consumer easier starting, quicker warm-up, 
improved distribution, and decreased crankcase dilution in addition to 
knock-free operation. 

The octane requirement of the supercharged engine was 10 to 12 
octane numbers higher than that of the unsupercharged engine. 


—0. A. Axelson 


Columbia Engineering Corp. 


ITH reference to Mr. Hubner’s paper, it is noted that tremendous 

strides have been made in both engine design and fuel manu 
facturing. Compression ratios have been increased. The ratio of 
uross vehicle weight to horsepower has improved substantially. Road 
conditions, surfaces, grades and turns are getting better every day. 
So are tires. Lighter oils and improved gearing have reduced fric 
better gasolines with tremendously increased octan 
ratings have been added to the long list for improving our efficiencies. 

What is the result? 


tion. Finally, 


No doubt the increased efficiency has been attained, but I am 
wondering if it is in real, tangible, and measurable form. Greater 
acceleration and higher top speed — yes. But, from a fleet operator’s 
viewpoint, is that what we want? Our best means of measuring 
eficiency is by ton-miles per gallon of gasoline. That is what we 
pay off on 
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DISCUSSION 


grade and 85 to go for regular-grade fuels. An average 
of the Motor and Research methods offers a means tor 
evaluating such levels in terms of present-day refinery 
practice. The increase will be gradual. The development 
of better engines and better fuels will go hand in hand as 
the result of closer cooperation between the automotive 
engineer and the refinery technologist. Sulfur content is 
becoming less important from the standpoint of corrosion, 
but still will be kept at a minimum by the cost factor in 
producing higher antiknock fuels. Low gum content and 
good storage stability still remain essential attributes of a 
good gasoline. The increasing use of cracked and polymer 
ized materials may necessitate closer adherence to gum tol- 
erances and possibly a re-evaluation of present gum-test 
methods. Regarding the trend in chemical composition, 
catalytic cracking and reforming appear to have heralded 
a new era in refining methods. The trend is definitely 
toward the use of catalysts, whether in cracking, reform- 
ing, polymerization, or alkylation operations, with good 
reasons to believe that present high costs will be reduced. 
The fuel of the future may be a blend of catalytically 
cracked and reformed gasolines and alkylate, with tetra 
ethyl lead or other antiknock compounds added to produce 
the desired octane level. The need for antiknock com 
pounds may be strictly economic or it may be the means 
of maintaining uniform quality which is so necessary for 
satisfactory customer acceptance. 





Let me cite an instance on one of our operations. We have in this 
group a small test fleet of some 20 light passenger cars — about 
equally divided between two of the so-called Big Three. These 
cars are all throttle-stopped at about 55 mph, so top speed never 
enters the picture. This test has been going on for some 8 years 
and is still continuing. All cars are in similar service and the same 
drivers have, to a degree, been kept on them. About 20% of this 
fleet is replaced each year with the latest models. Now, in spite of 
all the improvements to both vehicle and fuel as cited by the 
speakers this morning, our records show a steady downward trend 
in gasoline mileage. Each year the decrease continues and now 
amounts to about 8% for the 8-year period and, up to the present, 
there is no indication of a reverse trend. And also, during this 
8-year period we believe we have improved our tune-up procedure 
and general control of drivers which should have had some effect 
on our gasoline economy. 

All the improvements which have been indicated to us this morn- 
ing are splendid and no fault can be found in any of them but, as 
fleet operators, we are primarily interested in fuel economy and 
that, we feel, has not been forthcoming. Naturally, my remarks 
are limited to light passenger-car operations only, as these are the 
vehicles on which the test is made. 


Reply — Errol J. Gay, Ethyl! Gasoline Corp. 


[ has been suggested that possibly increased traffic conditions in 
the area in which Capt. Axelson’s vehicles operate may tend to 
reduce gasoline economy to a greater extent than it has been pos 
sible to increase economy by the use of throttle stops and motor 
tune-up methods. 


— Raymond Haskell 
The Texas Co. 


BELIEVE that Capt. Axelson in his remarks erred in not con- 

sidering the number of hours of labor saved by the use of high 
speed which results from modern equipment. High speed also 
causes wind friction losses which will take more power and more 
gasoline per mile covered than lower speed operation. Hence, other 
things being equal, the higher the speed, the more gasoline con 
sumption per mile. The use of higher octane fuels may assist in 
obtaining higher speed without too much increase in fuel consump- 








tion if the engine is designed for these higher octane fuels. The 
oil industry is ready to produce these fuels if it is economical for 


the operator to burn them. 
—F. C. Burk 


Atlantic Refining Co. 


R. HUBNER has presented a picture of the future when better 

engines will be running on better gasolines and fleet owners will 
be a happier group. Certainly that day will come, and it will be 
a product of the cooperation of the fleet operator, the engine builder 
and the oil refiner. The author has stressed the necessity for this 
cooperation, and we feel that it is of paramount importance in 
obtaining economical transportation. The problem is not a simple 
one, and the amount of progress made will depend a great deal 
upon the amount of cooperative effort expended. 


—J. 0. Eisinger 
Standard Oil Co. (Ind.) 


E have always been amazed by the large discrepancy between 

the octane requirements of various makes of cars having sub- 
stantially equal performance both in acceleration and fuel economy. 
This fact is rather interesting since it indicates that there are different 
ways of utilizing octane numbers. In this connection, it is felt that 
the major part of the horsepower increase of the 1940 car, truck, 
and bus engines over 1930 engines of similar piston displacement, 
referred to by Mr. Hubner, is due to increased engine speed and 
improved volumetric efficiency rather than to compression ratio per se. 

There appear to be many ways available to engine designers better 
to utilize octane values of the fuels available today. such as: 

1. Judicious selection of the spark advance characteristics at low 
car speeds. 


2. Cooler cylinder heads, exhaust valves, and spark plugs. 
3. Cooler charge temperatures. 
4. Supercharging. 


5. Automatic transmissions. 

Admittedly, some of these do not lend themselves to easy solution 
or adoption but, nevertheless, are open to any who care to explore 
the field. 

In regard to the copper-dish gum test, we feel that it has its 
limitations, some of which have not been mentioned by Mr. Hubner. 
It is possible to manufacture gasolines that pass this test satisfactorily 
and yet—due to low induction periods— may cause severe deposits 
in service. Conversely, a high copper-dish gum gasoline having a 
satisfactory induction period does not cause any trouble. Such gaso- 
lines are being marketed rather widely. Also, unless extreme pre- 
cautions are exercised in each and every step in this test, the repro- 
ducibility is rather poor. Some consideration of the foregoing is 
given in the “Report of Section on Gum,’ ASTM Standards of 
Petroleum Products and Lubricants, September 1939, page 15. 


Reply — Mr. Hubner 


E agree that other factors, such as increased speed and improved 

design and materials, have had a distinct effect on the increased 
horsepower output of engines. It was not the intent of this paper 
to attribute most of the increase in horsepower per cubic inch to 
higher compression ratios and improved fuels. 

As for Mr. Eisinger’s suggestions for better utilizing the octane 
values of the fuels available today, in general, the spark advance 
characteristics of most automobile engines are already a compromise, 
particularly at low speeds, between best performance and permissible 
knock for available fuels. The other suggestions are design char- 
acteristics which are being constantly considered by the engine 
builders; they are not items which can be easily discussed in con- 
nection with this paper. 

Mr. Eisinger suggests that it is possible to manufacture a gasoline 
with high copper-dish gum content but a satisfactory induction 
period which will not cause trouble in service. Although such 
fuels are being used satisfactorily in many cases, it is possible that 
some fuels having such specifications might cause serious trouble in 
the engine induction system. Therefore, we believe it advisable to 
specify minimum limits for ASTM gum, copper-dish gum, and 
induction period. We feel that if a standardized copper-dish gum 
test is used, the reproducibility will be satisfactory. 


The J. G. Brill Co. 

HE number of papers by different members of the technical staffs 
of the oil refineries read in recent months has increased, and this 
has no doubt been due largely to the difficulties that are. being experi- 
enced wherever internal-combustion engines are used, with rapid 
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corrosion, cylinder wear, and excessive lacquering. It is interesting 
to note that, in spite of these papers which explain exceptional fuels 
and oils, we are still in our difficulties on bearing corrosion and 
lacquering and, to the best of the writer’s knowledge, there is yet 
no definite sign of relief. This would indicate that, while a good 
many reasonable and fine-sounding theories have been advanced on 
how to correct these troubles, they are not of universal application 
and the correction has not been general but spotty, applying tw 
certain particular cases. 

Regarding the future of high-compression fuels, it may be pos 
sible to utilize more fully these high-octane fuels in bus and truck 
engines by the use of torque converters or fluid couplings, which 
allow the engine to turn over at approximately 750 to 900 rpm at 
full throttle and, therefore, somewhat above the serious detonation 
speed of 500 to 600 rpm. Of course, where these engines are also 
used with standard disc clutches, slightly lower compression would 
be necessary. In the transportation field, particularly in bus design, 
engine weight for a given power output is of extreme importance 
Here, as much as any other place, we must take every advantage ot 
the highest standard octane fuels available, and since fuel consumy 
tion is one of the major figures in operating expense of motor 
coaches, it may be possible that the correct engine of the futur 
will be a smaller displacement unit, running at slightly higher speed 
and supercharged for the correct power yield. It is not necessaril) 
true that these engines will be more economical than the same out 
put engine unsupercharged, but it is entirely likely that a reduction 
in weight from 150 to 200 |b will be possible with such a design 

On the oil side of the picture, as a result of recent disturbances 
in our lubricating problems, we have come to adopt an attitude ot 
tolerance towards oil companies, feeling that the difficulties now 
encountered are more of a transitory condition caused by changing 
distillation methods, and that, with the mass of technical knowledg: 
behind this industry, they must soon diminish to a point where w 
will have suitably stabilized fuels and lubricating oils which can b 
depended upon to work satisfactorily in all well-designed engines 
As soon as this stabilization period is reached we, as well as all othe: 
engine manufacturers, will adapt our engine to the new fuels and 
oils to give optimum performance. 

It would be a big help to the men in the engine design and 
manufacturing business if the oil industry could set down a tew 
definite rules to follow in engine design that would assure satu 
factory operation on standard fuels and oils. I believe it would b 
well for the oil industry to recommend limits of crankcase tempera 
tures— maximum and minimum, types of crankcase ventilation 
limits of manifold temperatures, and required carburetor riser tem 
perature. It seems that these particular items enter into satistactor 
or unsatisfactory performance as far as lacquering and bearing corr 
sion are concerned. 


—M. C. Horine 


Mack-International Motor Truck Corp. 


y seems to me that most of the antiknock study on vehicles ha 
been done at wide-open throttle. The operating characteristics o 
the vehicle on the road at part-load operation are very important 
since most of the waste of gasoline is at part-load operation. | 
believe that there is an engine in existence which has a variable com 
pression ratio. The ratio is increased as the throttle is closed, or th 
load decreases, thus giving a better part throttle economy. 


Reply — Mr. Hubner 


2 is true that, up to the present time, most anuknock work has 
been done at wide-open throttle since, in general, this type ol 
operation is most severe in respect to fuel antiknock characteristic 
During the past two years, however, the CFR Cooperative Road 
Testing Group has given considerable thought to testing at part 
throttle, and they have advised that, where part-throttle operation 
more severe than full throttle, octane requirements should be dete: 
mined by this type of test. 

We are not familiar with th 
gested by Mr. Horine. Certainly, such an engine would be desu 
able if it could be built to compete satisfactorily with conventiona 
type engines from the standpoint of manufacturing cost and mechan 
ical reliability. Tests conducted on this type of engine in th 


variable-compression engine sus 


laboratory have shown economy gains when the engine load factors 
was very low. 


—(C. E. Howell 


Ebasco Services, Inc. 

WOULD have been very pleased if Mr. Hubner had entitled his 
paper “Better Fuels for Better Engines and for Existing Engines 
and, in a portion of his paper, had proceeded to show how those 

individuals and corporations operating existing equipment could 
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make more economical use of present-day fuels, especially as to ant 
knock qualities. In such an addition to the paper he might have 
pointed out that present engines would be more economical in the 
use of present-day fuels if compression ratios were increased by 
machining heads of existing engines, and by allowing carbon to 
collect in cylinders and on piston heads; he might have told th 
users to advance spark arbitrarily on old engines to improve economy 
in the use of gasoline; he might also have instructed us to increase 
the average temperature of cylinders and intake manifolds by re 
ducing air through the radiator and around cylinders and manifolds. 
He might have discussed ideas developed by the Ethyl Gasoline Corp. 
and others in their research work which would have suggested ways 
of improving existing engine operation with the present and future 
fuels. 

All of this is pointed out since, at any given time, most of the 
engines in use on automotive equipment are more than three years 
old; pe rhaps one-third of them are over six years old; and some of 
the engines are more than ten years old. 

In connection with the use of leaded gasoline, I wish to ask the 
following questions: 


(a) Does leaded gasoline produce any corrosive effect on exhaust 
mufflers ? 

(b) Does the ethyl lead additive have any effect on the lubricating 
qualities of engine oils or on the gumming and other sticking prod- 
ucts around piston rings and valve stems? 

(c) Does research show that an additive could be put in engin 
oil or in gasoline which would act as a continuous solvent of gums 


around valve stems and of deposits on piston rings? 


Reply — Mr. Gay 


E agree with Mr. Howell that engines already in service might 

be made to operate more economically on present-day fuels by 
increasing the compression ratio. Most manufacturers have made 
optional compression ratio available for their older engines. When 
higher octane fuels are used in older equipment of low compression 
ratio, combustion-chamber deposits need not be removed so_ fre 
quently to avoid knocking, thereby resulting in some saving in 
maintenance cost. Advancing the spark on old engines to improve 
economy 1S good practice, However, study should be made to deter- 
mine whether it is more advisable to have the spark set for maximum 
power or over-advanced to obtain greater economy at part-throttle 
operation. One of the chief advantages of increasing intake-mani 
fold temperatures (not carburetor intake air temperatures) in fleet 
operation is the reduction in “tail pipe halitosis’’ which it makes 
possible. 

Mr. Howell has asked if leaded gasoline produces any Corrosive 


eflect on exhaust mufflers. A number of tests concerning this prob 


lem have been conducted during the past few years. These tests 
indicate that leaded gasolines have little or no effect on exhaust 
muffler corrosion. The chief cause of muffler failure is the actual 


rusting of the metal, both from the inside and outside. Rusting 
inside is accelerated through condensate from the exhaust gases. 
Shortest muffler life is experienced by the car owner who does a 
great deal of intermittent driving. This type of driving never gets 
the muffler hot enough to dry out the moisture collected there and, 
thus, an increased rate of rusting occurs. Usually, muffler life is 
a factor of time, rather than miles. For example, two cars of the 
same make, both 18 months old, had mufflers replaced. One cat 
was driven hard and had accumulated 32,000 miles; the other car 
was used to run errands from the house to the corner, and so on, 
and had gone only 8,000 miles. Some heavy-duty bus engines aré 
using mufflers made of 18-8 steel. This is an almost stainless steel. 
It is costly, but will resist rusting and hot corrosion as well. Just 
recently a new method of plating or coating the usual steels used in 
mufflers has been developed. This extends the life a good deal and 
is likely to be widely adopted. 

As to the effect of ethyl fluid on the lubricating qualities of oils, 
it is generally believed that the presence of lead in crankcase oil due 
to the use of lead-treated gasolines has neither a detrimental nor 
an advantageous effect on the lubricating qualities of the engine 
oil. A number of tests have shown that lead in the crankcase oils 
tends to reduce the varnish or lacquering tendencies of the oil. This 
difference is not great enough to be the difference between a satis 
factory and an unsatisfactory oil. However, we believe it is safe 
to say that lead in the crankcase oil does not increase the rate of 
piston-ring sticking, oil coking, or lacquering on the valve stems. 

In regard to an additive for oil or gasoline which will act as a 
continuous solvent for gums around valve stems and/or deposits on 
piston rings, the Ethyl Gasoline Corp. has done very little work on 
this problem. However, a great deal of work has been done by 
other companies. Some motor fuels now contain solvent oils; some 
lubricating oils also contain additives. 
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—Leo Huff 


The Pure Oil Co. 


BELIEVE that improvements in fuels and engines should go 

along hand in hand. This should result in lowering operating costs. 
I feel that truck engineers should give more thought to the develop 
ment and use of the fluid clutch or torque converter as, in my 
opinion, greater results in lowering costs could be accomplished by) 
the use of these devices. 


—F. B. Lautzenhiser 


International Harvester Co. 


OME. of the items that Mr. Hubner mentions parallel those we 
S are working on in our own Fort Wayne Works and our Chicago 
Gas Power Engineering Laboratories at this time. 

Our tests on volatility show that, after 30 min operation with a 


gasoline tank temperature of 130 F, a loss of 5 to 7% in tank 
volume results with its attendant economy loss. This is a_ ver; 
undesirable feature of volatile gas for summer use. Some of our 


vapor-lock studies point to imperfect joints in the fuel line and in 
the fuel pump sediment bowl gasket. The slightest air leakage in 
the suction line influences the vapor-lock tendencies as the tem 
peratures increase. 

As fuels have improved in the past, likewise compression ratios 
have gone up and engine efficiencies have improved generally. This 
trend is likely to continue until the ultimate is attained. It seems 
to me that the real problem is to provide engines and ratios neces 
sary to meet the fuel situations in such foreign countries as do not 
standardize on fuels used in the States. 

In our opinion, gasoline development should first reach its zenith, 
and the engine designed for that gasoline, rather than the opposit« 


—T. L. Preble 
Tide Water Associated Oil Co. 


HE economic effect of a faster average rate of speed can be com 
puted easily. If, tor example, you assume 10,000,000 miles pel 
year in a given fleet and, if you assume 19 mph and a driver cost ot 
80¢ per hr, you will arrive at a total of 526,316 driving hours 
which, multiplied by 80¢, equals $421,053.00 as the cost. If, on 
the other hand, you assume 20 miles per hour, the cost, similarly 
figured, would be $400,000.00. Thus, a saving of $21,053.00 in 
drivers’ salaries could be realized if the average miles per hour of 


the fleet were increased 5%. 


—T. C. Smith 


American Telephone and Telegraph Co. 


HE present octane number situation is involved and confusing. 

I know of three or four methods of rating octane number. Ther« 
seems to be as much as 10 points variation between different 
methods of rating and, worse, these variations are not constant 
since they vary from fuel to fuel. It would be a very fine thing 
if this problem could be worked out to arrive at one method of 
knock testing. 


— Austin M. Wolf 


Automotive Consultant 


IG. 3 of Mr. Hubner’s paper showing the trends of antiknock 

quality of motor fuel, is of particular interest in disclosing the 
decreasingly small variation between premium, regular, and third 
grade gasolines. Whereas there was a variation of approximately 
and 15 octane numbers between these grades in 1934, there is today 
only a difference of 6 and o. 

The advantages of the supercharger in Fig. 4 for part-load fuel con 
sumption are important due to lack of economy in this phase of 
operation in the Otto cycle. As already has been shown in avia 
tion, the full advantage of the supercharger will be greater where 
a fixed drive ratio does not exist between it and the crankshaft. 
Its full advantages are possible with a widely variable ratio to cop« 
with varying conditions, or a separate source of driving energy 
should be available for large powerplants. 

I believe that Mr. Hubner extolls the fuel industry too generously 
in the comparison between the 1930 and the 1940 engines. Com- 
bustion-chamber and engine design account also for much of the 
improvement noted. It is, and always will be, a hand-in-hand 
process. 


I wish to compliment Mr. Hubner in taking us through the 








“intricacies” of fuel refining and its history. Fuels will improve 
continually and be of benefit to engines under practically constant, 
continued load. For engines in which the load is not of constant 
duration, then we may be at an economical disadvantage in utiliz- 
ing the premium fuel to cope with the worst conditions when its 
use is not required at other periods. Several expedients are possible 
to combat detonation when a lower grade of fuel is used most of 
the time if the critical periods are not too frequent and steady. 

The “gum” aspect in the paper presents to my mind the tale 
of what happened in Europe before the advancing Nazi troops. 
Road station proprietors before abandoning their pumps threw sugar 
into the gasoline tanks. 


—A. E. Becker 
Standard Oil Development Co. 


ESSRS. Wolf and Smith made statements which may have given 

wrong impressions. Mr. Wolf stated that the data given in Fig. 
3 show that the octane numbers of third-grade, regular and premium- 
grade gasolines are getting closer together, the inference being that 
the price differentials are unjustified. In answer, it should be pointed 
out that an octane number in the higher octane number ranges is 
of much more value, as judged by the increase in compression ratio 
and engine performance that it makes possible, than is an octane 
number in the lower ranges. Should this be taken into account, 
it might well prove to be the case that the three grades have actu 
ally been getting further apart, rather than closer together. 

In reply to Mr. Smith’s comment that the industry should agree 
upon one method for determining the octane number of fuels and 
stick to it, might I point out that this would be a very nice 
thing if it could be done. Since relative ratings of different fuels 
change with change in testing conditions, it follows that this would 
be no more practicable than to try to determine the viscosity charac 
teristics of lubricating oils by determining the viscosity at one tem 
perature only. The problem is further complicated by the fact that, 
not only do engines differ from each other and the test engine, 
but also by the fact that design of engines changes from year to 
year. A single method for determining octane number cannot be 
expected to give a complete answer to antiknock quality of a fuel. 


—W. V. Hanley 
Standard Oil Co. of Calif. 


E are very much interested in Mr. Hubner’s comments on anti- 

knock value. I wonder what Mr. Hubner sees in the future for 
the volatility characteristics of fuels? What about engine roughness? 
Will it increase with higher compression ratios? Will the volumetric 
efficiency limitation of the L-head engine prevent further increases 
in compression ratios? Will 1945 engines all be valve-in-head to 
improve breathing capacity at high compression ratios? 


Reply — Mr. Hubner 


EGARDING Mr. Hanley’s first question, it was pointed out in 

the conclusions of the paper that, although the trend is toward 
more volatile fuels, volatility apparently has reached a leveling-off 
point. Whether or not fuels of the future will follow this trend 
will depend to a great extent upon the ability of fuel feed systems 
to handle more volatile products. 

We appreciate Mr. Hanley’s questions regarding future engine 
design but feel that such questions can be answered best by those 
actually engaged in engine development and manufacture. Indica- 
tions are that it is possible to design L-head engines considerably 
above 8.0:1 compression ratio and still have good volumetric efh- 
ciency. Many engine-design problems are bound to arise as specific 
power output is increased, but we have faith in the proved abilities 
of the automobile engineers to solve such problems as they have 
solved similar ones in the past. 


Reply — Sidney Oldberg, Chrysler Corp. 


N regard to threats on the being of the L-head engine, its life 

expectancy is not impaired by improvements in the antiknock 
value of fuels. With minor design changes, full advantage of 
compression ratio up to 8:1 can be realized in output and efficiency. 
Since the compression ratio mentioned requires Motor method octane 
number fuel of about 90, an extrapolation of the trend shows little 
to fear for many years—~ when somewhat more drastic changes can 
be made to further pro!ong the useful life of the L-head engine. 

As pointed out recently by J. B. Macauley, Jr., in a paper pre- 
sented before the API entitled “The Shape of Things to Come,” the 
most important problem to be dealt with in utilizing high-octane 
gasoline by increased compression ratio lies in engine roughness, 
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which increases about 35% per ratio if judged by the maximum 
rate-ot-pressure rise when maintaining similar combustion-chambe: 
shapes. It, therefore, appears that the selection of a combustion 
chamber for high compression should be based on its cooperation 
in roughness projects. We have not yet found evidence that com 
peting types are superior in this respect. 





The Control of Smoke in the 
Automotive Diesel 
(Concluded from page 408) 


of interest. Fig. E shows the smoke density against cetane numbe1 
for 10, 14, 18, and 22:1 compression ratio. With the two lowe: 
compression ratios, the higher cetane fuel always gave less smok« 
But, with 18:1 compression ratio, 65-cetane fuel was the best and, 
with 22:1 compression ratio, 40-cetane fuel was the best from th 
standpoint of smoke. Fig. A also shows that normal engines ar 
fairly insensitive to the cetane number as far as smoke is concerned, 
which confirms the conclusion of the authors. 

I do not quite understand why the smokemeter failed to prov 
satisfactory in field tests. The way we use the smokemeter (flushing 
it with clean air after each reading) the back pressure has very littl 
effect on the readings. By throttling the exhaust after the smoke 
meter connections, the reading went up only a point or so. The 
changing of the smokemeter connection from 8 in. distance from 
the cylinder head to 8 ft 6 in. distance also had an imperceptible 
effect on the readings as is visible on Fig. F. The same figure shows 
the effect of the smokemeter length. The longer tube, of course, 
gives higher smoke density readings. An 18-in. tube length seem 
to be the most satisfactory. 

Fig. G shows the simple construction of the smokemeter 


Authors’ Reply 
Explains “Paradox” 


N reply to Messrs. Hanley and Porter, who are of the opinion that 

the only solution of the smoking problem is one of fuel selection 
rather than engine adjustment, we wish to point out that a fuel for 
any given engine must, of necessity, be a compromise between a 
number of different factors. For example, in a critical engine one 
might resort to the use of kerosene to prevent objectionable smoking 
However, this would result in a considerable increase in fuel con 
sumption. Whereas, correction of smoking troubles by adjustment of 
smoke stop will not increase fuel consumption and may, in some 
Cases, improve economy. 

Our observations regarding the color of the exhaust smoke under 
the various operating conditions agree generally with those made by 
Messrs. Rose and _ Robertson. Regarding the reproducibility of 
smokemeter readings, in engines A and C the results were found 
to be reproducible to within + 1% in smoke rating. Reproducibility 
in engine B was not quite as good as that on engines A and C 
because its general performance was somewhat erratic. In order to 
eliminate errors that might have been introduced by changes in 
engine condition, a check run on a reference fuel was made peri 
odically. 

In reply to Prof. Schweitzer’s query, the length of the tube in the 
smokemeter used in our tests was 16 in. Regarding his reference 
to a paradox in Fig. 2, we see nothing unusual in the fact that 
low-cetane number fuels above critical speeds give less smoke as 
load is increased, since increasing load raises the combustion 
chamber temperature and thereby improves burning. Fig. 4 shows 
further the effect of load on smoking of low-cetane-number fuels. 
Prof. Schweitzer’s results on the effect of compression ratio on smok- 
ing in the CFR engine are quite interesting. However, the abnormal 
variations in the cetane number-per cent smoke relationship which 
he has observed apparently appear only at compression ratios con 
siderably higher than those found in current high-speed engines and 
hence would not be expected to show up in such equipment. 

Prof. Schweitzer points out that, in his work, changes in back 
pressure have shown little or no effect on smokemeter readings. 
We would expect this to be the case where smoke observations 
were being made under constant-load conditions. However, during 
acceleration, where the smoke may appear only for an instant, the 
relative proportion of the smoke entering the meter depends directly 
on the back pressure in the exhaust system. In field observations 
we have noted that back pressures may vary from 1 to over 15 in. 
hg between different mobile units. 
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m Fig. |—Comparison of published data on altitude performance of several types of aviation engines 


by EROLD F. PIERCE 


Wright Aeronautical Corp. 


A° the aircraft industry progresses towards operation in 
the sub-stratosphere, it appears that, of those most 
vitally connected with such development, only the engine 
manufacturer turns out a product which appears to be in- 
ferior in final performance to that formerly obtainable. 
Admittedly, the aircraft manufacturer has extremely dif- 
-ficult problems to overcome in designing his product for 
operation at high altitudes; he must provide fuel and air 
for the engine, likewise air for the passengers; he must 
worry about pressure cabins, stability, and vibration. But, 
despite all this, the resulting product is acclaimed by the 
public as a super high-speed airplane. The aircraft opera- 
tor, of course, is not free from worry when confronted 
with operating schedules at altitudes above those now nor- 
mally encountered, but he hopes to show operating econo- 
mies, faster schedules, and so on. The engine manufac- 
turer, however, not only has what, from perhaps a slightly 
biased point of view, appears to be more than a major 


{This paper was presented at the Semi-Annual Meeting of the 


Society, White Sulphur Springs, West Va., June 10, 1940.] 
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share of design problems, but also his resulting product at 
high altitudes will inherently have somewhat inferior per 
formance to that obtainable at lower altitudes. His 1 lb 
per hp engine at sea level, not an impractical possibility, 
becomes 2 lb per hp at 20,000 ft unless the utmost in engi 
neering skill and ingenuity is put to the problem of in- 
creasing altitude output. And, even if accomplished, the 
engine will still be capable of a greater output at sea level 
than at altitude. 

It is desired, therefore, to give a clearer understanding 
of the problem involved if not a solution in the following 
discussion, to present a picture of the aircraft engine at 
altitude: (1) by summarizing the empirical methods of 
portraying the engine characteristics; (2) by illustrating 
graphically the effect of various methods of supercharging 
upon the engine power output and specific fuel consump- 
tion characteristics; and (3) by discussing the basic prob 
lems of power output at altitude and the trend of investi 
gation. 


= Empirical Methods of Analysis 


It is necessary to review briefly the status of the engine 
manufacturer's empirical formulas on powerplant perform- 
ance since upon such formulas are dependent a considerable 
portion of the aviation industry's functioning both as to 





actual operation and predicted design performance. Almost 
basic to such a review is the relationship of horsepower and 
manifold pressure to altitude. The paper of Gagg and 
Farrar’ presented a summary of the altitude data available 
in 1933. In this paper was given the formula: 


Hp. = Hpo (>. po — ae = a) where 
4.00 
Hp. = Horsepower at altitude A 
Hp» = Horsepower at sea level 
pa = Atmospheric density at altitude A 
po = Atmospheric density at sea level. 


This formula represents a straight line of full-throttle horse- 
power versus density ratio reaching zero at 0.117 density 
ratio and is most readily expressed by the statement that 
the horsepower at 20,000 ft is equal to 47% of the sea-level 
hypothetical value. This formula is equally applicable to 
manifold pressure. 

In the intervening years since 1933, the aviation indus- 
try has seen the power output of engines increased con- 
siderably and their piston displacement doubled. Super- 
charger impeller tip speeds have reached approximately 
the speed of sound, and the rated crankshaft speeds are 
now what were formerly diving speeds. In addition to 
these normal development features, the torque meter has 
been brought into practical use, permitting simple and ac- 
curate measure of actual flight performance. It would be 
reasonable to expect that perhaps changes are required in 
our empirical horsepower and manifold pressure formula. 
It could be possible that the horsepower of an engine does 

2See SAE Transactions, June, 1934, pp. 


formance cf Aircraft Engines Equipped 
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not decrease on a 47% slope, that improvements in volu 
metric efficiency and supercharging have changed the slope 
of the altitude line or required the use of curved lines. 

Fig. 1 presents the analysis of Mr. Gagg and Mr. Farrar 
which established the empirical 47% relationship of full 
throttle horsepower versus density ratio. This curve is a 
plot of altitude chamber performance alone, that is, engine 
operation under simulated altitude conditions of carburetor 
air temperature and exhaust back pressure using dry air 
and sea-level dynamometer cooling. It is desired again to 
call your attention to the wide range of engine designs 
covered by this curve. Varying compression ratios, cylinder 
head, and combustion-chamber designs, supercharger blow 
er ratios, and engine speeds, all are indicated and all have 
the same general characteristics. 

On Fig. 2 are presented recent torque-meter flight-test 
data on three types of engine: a Cyclone G-100 series en 
gine, an engine in current airline service and having an 
operating record of several years; a Cyclone G-200 series 
engine, the latest development in the Cyclone single-row 
radial engine series and having the highest certified power 
rating of any single-row radial air-cooled engine; and a 
double-row Cyclone 18 engine which, at a rating of 2000 
hp has the highest certified rating of any commercial air 
craft engine. Both full-throttle horsepower and manifold 
pressure data have been plotted for these three engines. In 
each case the actual test points have been plotted and a line 
has then been drawn which represents the slope of the 
formula previously expressed. It will be noted that both 
the full-throttle horsepower and full-throttle manifold pres 
sure lines agree with the empirical formula with commend 
able regularity. Although not shown, data obtained on 
modern engines under simulated altitude conditions also 
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m Fig. 3- Basic construction used by the Wright Aeronautical Corp. for the presentation of the engine sea-level power and altitude 
power and manifold pressure characteristics 


agree satistactorily with the empirical formula. It is be 
lieved that this brief summary of more recent testing in 
dicates that modern engine performance, as actually mea- 
sured in flight, correlates excellently with the existing 
methods of indicating the horsepower and manifold-pres- 
sure relationships with altitude, and that such methods pro- 
vide for a reasonable and satisfactory analysis of the engine 
characteristics. 

The development of the torque meter from a research in- 
strument to the status of field test equipment has provided 
the engine manufacturer with that most necessary informa 
tion — actual engine operating data under normal operat- 
ing conditions, that is, operation at altitude and in the air- 
plane with flight cooling. It is only to be regretted that the 
pace of the aviation industry does not permit obtaining such 
data when most needed, that is, when guarantees must be 
established and complete performance data provided for the 
calculation of airplane performance, range, cooling require- 
ments, and installation requirements. It would appear that 
actual engine data lag the requirement of calculated data 
by one to two years which places an extreme burden on 
both the airplane manufacturer and the engine manufac- 
turer. Both must undertake projects costing tens of thou- 
sands, if not hundreds of thousands of dollars, based on 
data which cannot physically be other than data predicated 
upon engineering experience and, quite frequently, engi 
neering hope. They both must provide means for the con- 
struction of engineering data which are established on a 
sound engineering basis and yet which provide for the im 
The 
aviation industry and our military services would be penal- 
ized severely if the only tools were based on actual per 


provements to be expected in normal development. 


formance rather than expected performance. 

To supplement the formula describing full-throttle per- 
formance of the engine at altitude, Fig. 3 has been prepared 
which shows the basic construction used by the Wright 
Aeronautical Corp. for the presentation of the engine sea- 


level power and _ altitude 


power and manifold pressure 
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characteristics. This curve states that all sea-level lines of 
horsepower versus manifold pressure at constant rpm 
(revolutions per minute of the crankshaft) are straight lines 
and all intersect at zero manifold pressure and a minus 
horsepower value called F on the curve. This value F 
varies quite consistently with engine displacement although, 
for a given displacement, the value F may vary over a rea- 
sonable range of power values. This figure is significant in 
that it bears a definite relation to the slope of the constant 
manifold pressure line at altitude. On the altitude side of 
Fig. 3 the line for both the horsepower and manifold pres- 
sure is constructed as a straight line versus density ratio 
and reaches zero at 0.117 density ratio. The constant 
manifold pressure line has a constant slope of 0.53 F in 
20,000 ft regardless of the manifold pressure or rpm 
value used. The construction of Fig. 3 is used for all 
Wright Aeronautical Corp. specifications and has been 
found to provide excellent correlation with both altitude 
dynamometer and torque-meter flight data. This construc- 
tion is purely empirical but permits complete construction 
of the altitude curve from estimated data or from a mini 
mum of sea-level calibration data. 

Other empirical methods are used in the analysis of ex 
isting data or in the preparation of calculated data, but such 
methods do not lend themselves to ready description. Such 
methods would be plotting the full-throttle manifold pres- 
sure at sea level as a straight line versus rpm? with the 
manifold pressure for zero rpm approximately 31 in. hg, 
or plotting full-throttle sea level horsepower values on a 
curve which has an rpm scale adjusted to provide a straighit 
line for existing data. The reason for the use of such de- 
vices is to obviate the necessity for obtaining complete 
calibration data over the entire engine operating range, a 
task which would involve much time and experimental 
test equipment even beyond the laboratory facilities now 
available in the major engine plants. Further, such de- 
vices permit the preparation of calculated data which will 
correlate substantially with the actual data when obtained. 











a T = ee on ee — 
ef ------- ere i 


1100) 











40.0:4 


4 





Gres ll N } \ 
~ \ 
| Umsurencuanseo ~ % " 
500} + = me RS + ‘ 4 
| ny \ ‘ 
\ 
{ 1 I 
SL SQ00 10,000 /§ 000 20.000 25 000 
ALT/TUDE-Feer 


m Fig. 4— Output of conventional two-speed Cyclone engines 


@ Engine Power Output and Supercharging 


At the present stage of development there are two meth- 
ods of maintaining the airflow to the engine at desired 
values as the operating altitudes are increased. The first 
_is by mechanical supercharging in which a blower is driven 
from the engine crankshaft and the power required to 
drive the blower is subtracted directly from the energy de- 
livered to the crankshaft. Mechanical supercharging may 
be further subdivided into supercharging without inter- 
cooling, with the resultant high temperatures of super- 
charging having a depressing effect on the engine power 
output, and supercharging with intercooling in which the 
air leaving the supercharger is passed through a radiator 
to provide a cooler air supply to the engine. This latter 
method is accomplished most easily at present by adding 
a blower in series with the normal engine blower and pro- 
viding for the installation of a cooling radiator between 
the auxiliary blower and the basic engine supercharger. 
For the purposes of further discussion, the first will be 
called two-speed supercharging and the latter, two-stage 
supercharging. It is realized the use of “two-speed” 
describe the first method of supercharging is open to criti- 
cism since the analysis actually treats of variation in blower 
ratio. With modern engines, however, it is possible to 
provide the lowest blower ratio consistent with maximum 
sea-level performance and minimum cruising fuel con- 
sumption and, by the addition of a very simple and light 
gear-shift unit, provide any additional blower ratio of 
higher value. By using the terminology “two-speed,” 
therefore, it is intended to indicate that the decrease in 
engine power output and increase in fuel consumption as 
the blower ratio is increased is not entirely a reduction in 
performance since the basic low ratio may still be retained 
for take-off and normal cruising operation. 

The second method of maintaining the air flow to the 
engine with increasing altitude consists of using the ex- 
haust gas to drive a turbo-compressor unit. In this case 
there is no mechanical connection between the crankshaft 
and the blower and, therefore, the power required to com- 
press the air is not subtracted directly from the energy de- 
livered to the crankshaft. This method, which is called 
exhaust turbo-supercharging, comes closest to providing 
the ideal supercharging in that energy is obtained in part 
from the heat energy which otherwise would be wasted, 
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but the method does have definite limitations which are 
beyond the scope of this article. For this discussion it will 
be assumed that sufficient energy is available in the exhaust 
gas to operate the turbo-compressor unit and the compressor 


will be assumed to provide a pressure ratio of 2 


“~* 


7:1. 

Mechanical supercharging is not new to the aircraft en 
gine, but its application has resulted in almost unbelievable 
increases in engine power output. 

To take a specific case, the GR-1820-Gro5 Cyclone en 
gine has the highest altitude of any commercial 
engine in the Cyclone series. This engine without a super 
charger would have a sea-level power output of approxi 
mately 650 hp. With the addition of a supercharger having 
a ratio to crankshaft of 7.14:1 and an impeller diameter ot 
I1 in., this engine produces a sea-level power output at full 
throttle of 1108 hp, or an increase of 70.5%. With the 
addition of a this engine has a hypo 
thetical sea-level power output of 1462 hp, or an increase 


rating 


10:1 blower ratio, 


of 125°e over that of the unsupercharged engine. Fig. 4 
presents these data graphically. Superimposed on the GR 
1820-Grio5 engine performance is that of the GR-1820 


G205A engine which performance has been obtained with 
an engine speed increase of only 100 rpm but a consider 
able improvement in efficiency of the cylinder porting and 
the supercharging. 
at 


This engine shows a full-throttle power 
1265 hp in low blower ratio 
hypothetical sea-level power in 10:1 ratio of 1 


sea level of and a 
572 hp, or 
an increase over the unsupercharged G-100 series engine 
of 142%. This latter figure of 1572 hp in to: ratio 
presents, almost without further explanation, the engine 
manufacturer’s problem as operating altitudes are increased 
in that, to obtain goo hp for the airplane operation at 
15,300 ft, it has been necessary to provide a basic engine 
capacity of 1570 hp at sea level. In providing this excess 
capacity, several things have happened which have a direct 
bearing on the engine design and performance. First, the 
power required to drive the supercharger at goo bhp and 
15,300 ft is 175 hp, enough to operate a fair-sized airplane 
itself. In effect, therefore, the engine must incorporate 
lrives equivalent in capacity to the crankshaft of an over 


Ga 
size light plane engine. Second, the temperature of the 


air leaving the supercharger is approximately 185 F as 
compared to 40 F for the unsupercharged engine. This 


higher temperature is conducive to detonation unless the 
engine design, fuel octane number, and power ratings are 
correlated suitably. 

In referring to Fig. 4 the sectioned area shows the power 
available for increase in the performance of the airplane 
due to the addition of supercharging to the sea-level engine, 
and it also shows the tremendous improvement which has 
been made to the performance of the engine. On a 
level basis, the 10:1 ratio G-105 engine has a specific weight 
of considerably less than 
thetical full-throttle It does seem as though the 
development of the aircraft engine is not sufficiently ap 
preciated when weight per horsepower does not include 
factor for altitude performance. 


SCa 


lb per hp based upon the hypo 
power. 


In order to present a clearer picture of the engine char 
acteristics as affected by the various methods of super 
charging, a series of curves have been drawn for an engine 
of a type substantially similar to the double-row (¢ -yclone 
14 engine designated as the GR-2600-B series. This engine 
is similar in construction to the engines now flying the 
Atlantic and Pacific in the Clipper ships. For this analysis, 
all data have been calculated on a basis of 2600 rpm since 
this is an overspeed rpm permitted for speed demonstration 
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ot other than airline aircratt, and further has been based 
on a limiting output of 1700 bhp at 2600 rpm with a 7 
blower ratio and a 11-in. diameter impeller. It might be 
emphasized further that the data presented in the follow- 
ing curves are by no means fully representative of the in- 
formation which must be prepared and guaranteed prior to 
the actual construction of an engine. 

Fig. 5 presents the rated horsepower which is available 
at altitude with any of the common methods of super 
charging and is of necessity somewhat complex due to the 
nature of the information presented. In each case the re- 
quired brake specific fuel consumption has been plotted as 
well as the intake pipe temperature. 


7.00:1 


In order to clarify 
Fig. 5, the various methods of supercharging are discussed 
in bee in the order in which they appear on the curve. 

) Two Speed — Any Blower Ratio — As will be evident, 
Ps two speed engine rather falls by the w ayside when con 
siderable altitude performance 1s desired. 
blower ratio shown of 10.5:1 


The maximum 
provides a critical altitude of 
less than 15,000 ft with a corresponding abrupt rise in brake 
specific fuel consumption and intake pipe temperature. It 
is not possible to state a limiting intake-pipe temperature 
since values well above 200 F are common test experience; 
, an arbitrary limit of 275 F can 
be established and this would limit the two-speed engine to 
a high blower ratio of slightly 
altitude of approximately 12,000 ft. 


however, for this analysis 


over 10:1 and critical 


For operation at 20,000 


ft or higher at rated power the two-speed engine, that is, 
supercharging without intercooling, is entirely inadequate. 
Any increase in blower ratio above that shown would 
result only in higher intake pipe temperatures. It must 
be realized that any improvement in the supercharger tem- 
perature coefficient serves the double purpose of decreasing 
the intake pipe temperature and increasing the altitude 
for rated power. On this plot of limiting horsepower, with 
any two-speed ratio, the curvature of the limiting horse- 
power line has been based upon the additional supercharger 
horsepower required as the blower ratio is increased. In 
actual prediction of performance, the limiting horsepower 
line might be decreased slightly to compensate in part for 
the effect of intake-pipe temperature on the engine detona- 
tion characteristics. Using the two-speed gear, any reason- 
able spread of ratios above 7.06:1 can be incorporated with 
the 7.06:1 as the basic, or low ratio, and therefore the 
limiting horsepower line does not indicate an absolute de- 
crease in performance as altitude is increased, but indicates 
additional increase in altitude performance over that af 
forded by the 7.06:1 ratio blower. 

(b) Any Ratio— Four lines have 
been shown for this analysis based upon differing condi- 
tions of intercooler pressure drop and temperature drop. 
In each case the limiting power line departs from the hori- 
zontal or 1700-hp line by the supercharger horsepower 
required to drive the first stage or auxiliary supercharger. 


Two-Stage Blower 
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The effect of an increase in intercooling requirements from 
go F discharge to 40 F discharge is shown to be approxi- 
mately 2000 ft. An intercooler discharge of 40 F, however, 
is a very difficult problem and, in general, a standard of 
go F is established for the air out of the intercooler. The 
effect of increased pressure loss through the intercooler is 
not quite as marked, amounting to approximately 1ooo ft 
for 1 in. hg of intercooler drop. The specific fuel consump- 
tion increases quite rapidly since fuel is being consumed 
for a constant indicated horsepower, but the brake horse- 
power is decreasing and therefore, the brake specific fuel 
consumption increases. This analysis is predicated upon 
constant indicated horsepower at any altitude. By definition 
the intake-pipe temperature is constant at any altitude since 
the temperature of the air entering the carburetor is main- 
tained constant by means of the intercooler. It will be 
noted that the available brake horsepower at 20,000 ft is 
still quite appreciable, but the penalties which must be 
paid in the airplane design are increased weight due to the 
additional supercharger and the use of an intercooler and 
ducts. In the engine, the penalties are complexity of de- 
sign, necessity for controls, and required strengthening of 
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drives since the total supercharger horsepower may be in 
excess of 300. 

(c) Turbo — This analysis is relatively simple because ot 
the assumptions previously stated regarding the application 
of the turbo supercharger to the engine. Basically th 
engine is assumed to be operating at sea level with 100 | 
carburetor air and with sea-level pressure at the carburetor 
entrance and engine exhaust. One inch may then be added 
to the sea-level barometer, for the intercooler drop, the 
sum divided by 2.7, the compression ratio of the blower, 
and the resulting pressure determines the altitude to which 
the sea-level power may be carried with the exhaust turbo. 
In the present analysis, the engine has an excess power 
such that a critical altitude of approximately 2000 ft is 
obtainable with 100 F carburetor air temperature and the 
resulting critical with the turbo supercharger is 26,000 ft. 
At the latter altitude the engine is still operating at 100 F 
carburetor air temperature and 29.92 in. hg absolute ex 
haust back pressure so that, as far as the engine is con 
cerned, the operation is still substantially sea level and the 
specific fuel consumption remains that of the basic engin 
with the 7.06:1 blower ratio. The analysis is, of course, 
not quite as simple as this for particular cases since the 
compressor efficiency and intercooler 


capacities must be 
correlated suitably; but, 


when the design has not been 
established and it is possible to obtain the proper turbo 
compressor unit, the foregoing simple analysis provides 
a quite satisfactory answer. Also, it is not necessarily cor 
rect to show the limiting power line as horizontal, but 
again any departure from the horizontal will appear when 
the final unit is functioning and a horizontal line provides 
a reasonable presentation of the data. Above the critical 
altitude, the power line has been shown as decreasing on 
the normal 47‘ The actual slope of this line has 
not been definitely determined, but it 
47% slope represents a satisfactory presentation of th 
limiting horsepower line above critical altitude. 


( slope. 


is believed that th 


The complications of this method of supercharging are 
mainly in the airplane installation. To the engine manu 
facturer, the engine constructed for use with turbo super 
charging is a relatively simple powerplant since, to all 
tents and purposes, the engine is a single-speed low blower 
ratio engine having very few special design features. Thi 
airplane, however, must provide for mounting and installa 
tion of the turbo, intercooler, and ducts. At equivalent 
critical altitudes, the intercooler capacity for the turbo and 
two-stage engines should not differ greatly in degree. 

Below 25,000 ft, it would appear that the method 
supercharging will depend upon the critical altitude fo1 
which operation is desired. In the range from sea-level 
te 15,000 ft, the two-speed engine has the field almost to 
itself because of installation simplicity coupled with maxi 
mum horsepower for take-off and reasonable power output 
at altitude. Above 15,000 ft the choice of two-stage or 
turbo depends upon installation complexity and the avail 
ability of equipment. The increased horsepower output 
of the turbo supercharged engine compared with that of 
the two-stage engine appears most desirable and worth 
considerable installation complication. 


to indicate, 


There is evidence 
however, that this difference is not as marked 
in actual flight performance as it would appear, particularly 
in ultra high-speed installations. With the two-stage en 
gine or, in fact, the two-speed engine, the issuing exhaust 
gas contains considerable energy in the form of gas moving 
at high velocity, and the resulting thrust if properly di 
rected may have a considerable effect on a high-speed air 
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plane. With the exhaust turbo, a large portion of the heat 
energy has been utilized and the ovelichie thrust consid- 
erably decreased. Further the exhaust-gas discharge from 
the turbo is normally at right angles to the airplane. From 
a preliminary study, it appears that the exhaust thrust from 
the two-stage engine at 400 mph airplane speed is equiva- 
lent to an increase in horsepower of 10° which results in 
less variation between the installation thrust curves of the 
two methods of supercharging than appears in the brake 
horsepower curves of the engines. 

(d) Turbo and Two-Speed— The application of the 
turbo to the two-speed engine is indicated by a very steep 
limiting horsepower line and by the line indicating an 
abrupt rise in intake pipe temperature. All that has been 
in horsepower with a two-speed 
engine due to additional supercharger horsepower and in 
take pipe temperatures applies equally well when an ex 
haust turbo supercharger is applied to such an engine. The 
effect is even more marked since the carburetor air tem 
perature is maintained at 100 F and the resulting intake 
pipe temperature 


said about the decrease 


as the engine stage blower ratio is in 
creased reaches the arbitrary limit of 275 


F long before a 
10:1 blower ratio is obtained. 


For this particular analysis, 
the limiting intake pipe temperature is reached with less 
than an 8.5:1 engine stage blower ratio with a resultant 
altitude increase of less than 5000 ft and a sharp decrease 
in limiting brake horsepower. This engine-supercharger 
combination does not appear to be a reasonable solution for 
improvement in altitude power characteristics. 
(e) Turbo — Two-Stage Supercharging — The application 
of a turbo supercharger to a two-stage engine would be an 
installation engineer's nightmare but it does provide in 
creased altitude performance as indicated by the final line 
on Fig. 5. The intake pipe temperature is again maintained 
constant by the use of two intercoolers and the brake 
specific fuel consumption increases rather rapidly with 
altitude due again to the power absorbed by the first stage 
supercharger. For performance at very high altitudes 
appears that supercharging of this nature would be re 
quired. 

Although not shown on the curve, the construction of a 
two-speed engine in which intercooling was provided be 
tween the supercharger and the cylinders (an exceedingly 
dificult arrangement, by the way) would provide a limit 
ing brake horsepower curve versus altitude substantially 
the same as that for the two-stage engine with the intake 
pipe temperatures and specific fuel consumption values also 
substantially similar. 

The curve of Fig. 6 presents graphically the excess power 
which must be provided in the aircraft engine in order to 
obtain a desired altitude rating. The power shown is 
hypothetical and is the extension of the full-throttle line to 
sea level. Although this method of analysis is somewhat 
unjust since the engine obviously would not run at the 
horsepower values shown at sea level, it must be remem 
bered that a sea-level engine which developed at full throttle 
the hypothetical powers shown, would only develop the 
powers shown by the limiting power lines at the respective 
altitudes. The curve for the two-stage engine shows that, 
at 20,000 ft, the limiting power output is 1400 hp and the 
hypothetical sea-level power is 3500 hp. The engine manu- 
facturer has, therefore, provided an engine of capacity 
equivalent to that of a 3500-hp sea-level engine. This is 
really another way of saying that advertising a 2000-hp 
engine when the 2000 hp is obtainable only to 2000 or 3000 
ft is really nothing as compared with an engine delivering 
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1800 hp at 15,000 ft; yet the former method of advertising 
is used always since, for some reason, possibly lack of in- 
formation, the public is accustomed to thinking of the 
maximum horsepower value without any regard to the 
altitude considerations. 

This curve indicates rather clearly the relative severity 
of the task facing the engine manufacturer for the methods 
of supercharging listed. Of these, the turbo supercharged 
engine again offers the least problem to the engine manu 
facturer. 


= Minimum Fuel Consumption in Level Flight 


In addition to data on limiting power output with vari 
ous methods of supercharging, it is necessary and vital 
that data be supplied on the engine specific fuel consump 
tion requirements not only under rated power conditions, 
but under all operating values of power and speed. These 
data must be presented not only at sea level but at various 
altitudes and for all methods of supercharging. Further, 
these data must apply not only to minimum engine re 
quirements, “the best the engine can do,’ but must be 
supplied for operation under poorer cooling conditions 
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m Fig. 7—Engine minimum specific fuel consumption requirements 
in level flight — Empirical construction 





such as occur in a climb. In supplying such data, it is not 
possible to have actual test data in the majority of cases 
since the data are required while the engine is under 
negotiation, that is, while it is still “the engine of the 
future.” Fortunately such data can be extrapolated into 
expected rather than existing information through con 
tinual correlation of existing information with empirical 
analysis and application of the improvement moderation 
factor, or the chart of progress versus years of development. 
By this method a surprising degree of forecast accuracy 
may be obtained, considerably better than the weather 
man’s reputed 50%. It is, therefore, possible to construct 
reasonably accurate curves covering a considerably wider 
operating range than that for which data are usually avail 
able. 

Fig. 7 has been constructed to present a typical curve of 
the engine minimum specific fuel consumption require- 
ments over the entire operating range. In the cruising 
range, that is, below rooo hp and 2100 rpm, this curve 
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represents the engine actual minimum specific fuel con- 
sumption, the end of the hooked mixture control curve. 
Above this power range, the curve has been enriched as 
required to compensate for the increased heat rejection ot 
the cylinder. It also will be noted that, at a constant 
horsepower such as 800, the specific fuel consumption 
reaches a minimum at approximately 1700 rpm and then 
increases as the rpm is decreased. This increase in con- 
sumption is made to compensate for the increase in bmep 
as the rpm is decreased. Test data very definitely indicate 
that existing fuel octanes do not permit continued increase 
in the bmep without possible detonation. The point at 
which detonation occurs, however, is by no means definite 
and will vary with engine design as well as with fuel oc- 
tane number. Fig. 7 is limited in that it does not permit 
an analysis of the altitude affect on the relationship of rpm, 
specific fuel consumption, and horsepower output. It is 
evident from this curve that, for operation in the low cruis- 
ing range at constant horsepower, any increase in rpm re 
sults in an increase in specific fuel consumption require- 
ments; therefore, an increase in altitude at constant horse 
power would result in increased engine rpm and _ cor- 
responding increase in brake specific fuel consumption. 
Fig. 8 presents the data of Fig. 7 in a slightly different 
form. On this curve, the minimum fuel consumption has 
been superimposed on the full-throttle altitude lines and it 
is thus possible to read directly the maximum altitude to 
which a given brake specific fuel consumption can be 
carried and the values of horsepower and rpm which will 
provide that specific fuel consumption. The indirect effect 
of altitude on fuel consumption is quite evident on this 
curve. The line of 0.40 lb per bhp-hr specific fuel con- 
sumption can be carried to 7000 ft only since, above 7000 
ft, there is no combination of horsepower and rpm which 
will provide this specific fuel consumption. With an in 
crease in blower ratio, a similar type of curve may be pre 
pared but it will be found that, below certain altitudes, 
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m Fig. 9— Minimum specific fuel consumption versus altitude for 
various power conditions — Two-speed and two-stage engine 


depending upon the power output, the fuel consumption 
in the higher blower ratio is interior to that obtainable in 
the low blower ratio. This result is in keeping with ex 
perience which indicates cruising operation in low blower 
ratio is superior to cruising operation in higher blower 
ratios for moderate altitudes. 

Fig. g presents the analysis ot the low blower engine ex 
panded to provide a comparison between the minimum fuel 
consumption for various power conditions in low blowe: 
with that for similar power conditions in high blower ratio 
and for a two-stage engine of varying blower ratio. In 
each case the minimum specific fuel consumption has been 
shown for each blower ratio at the per cent power indicated 
and this is shown as a horizontal line until full throttle for 
the optimum rpm is reached. The enriching effect of 
increased rpm is then shown by the upward curving line. 
The two-stage comparison is based upon a blower ratio in 
the first or auxiliary stage giving the minimum specific fuel 
consumption for the altitudes shown. It is evident that the 
low blower ratio is superior in all cases to either the high 
blower ratio or the two-stage engine until reasonable alti 
tudes are reached. Above the altitudes the high blower is 
superior to the low blower ratio. The two-stage engine has 
a distinct disadvantage until operating altitudes between 
15,000 and 20,000 ft are reached. The nature of the two 
stage specific fuel consumption curve will vary widely with 
the effectiveness of the intercooling provided, since the 
latter determines the degree of auxiliary supercharging 
which must be provided and, therefore, the supercharger 
horsepower increment which must be considered in de- 
termining the minimum specific fuel consumption. 

There is always considerable question concerning the 
justification of horizontal fuel consumption lines such as 
are shown in Fig. 9 up to the full-throttle portion of the 
curve. These lines state that, at constant horsepower and 
rpm, the minimum specific fuel consumption remains con 
stant regardless of altitude although the exhaust back pres 
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m Fig. |0-Effect of altitude on minimum specific fuel consump- 
tion — Cruising power 


sure, manifold pressure, and carburetor air temperature are 
all decreasing. The data available on Wright Cyclone en 
gines under simulated altitude conditions of the altitude 
dynamometer have indicated that a constant specific versus 
altitude is a reasonable assumption and that the change in 
the pumping loop of the indicator card does not affect the 






resulting brake specific fuel consumption within normal 
limits of measurement. 

Fig. 10 presents a flight test on a torque-meter equipped 
engine covering an altitude range of 10,000 ft which was 
conducted primarily to check the altitude effect. Over this 
altitude range, the minimum specific fuel consumption de- 
termined by the torque meter and flowmeter, and obtained 
from constant-horsepower hooked curves, was found to be 
the same within limits of experimental error. It is realized 
that this brief test in no way established the validity of the 
constant specific versus altitude assumption in itself, but 
its correlation with altitude dynamometer observation in 
dicates that such an assumption is entirely reasonable. 

Fig. 11 presents a typical set of mixture-control curves 
on the Cyclone 14 type of engine operating at sea level 
under operating conditions of approximately 400 F cylin 
der-head temperatures and 85 F carburetor air temperature. 
This engine is similar in design to the engines now flying 
in the Clipper ships on transoceanic service, differing only 
in increased compression ratio and spark advance. It will 
be noted that the curves show, in general, a very definite 
hook and minimum specific fuel consumption values of 
0.380 lb per bhp-hr. The decrease in engine requirements 
as the rpm is decreased is quite evident, and these data 
indicate that, at constant bmep, lower fuel consumption is 
obtained at the lower engine speeds. It is also evident 
from these data that approximately 1 in. increase in mani 
fold pressure is required to go from best power to best 
economy corresponding to a loss in horsepower of approxi 
mately 35. 

Fig. 12 presents a summary of torque meter and flow 
meter flight tests on the Cyclone G-200 series engine show 
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ing the effect of spark advance and compression ratio on 
the engine minimum specific fuel consumption. These data 
were obtained at an operating altitude of 4000 ft and indi- 
cate only the point of absolute minimum specific, that is, 
the. hook on the constant horsepower and rpm mixture 
control curve. With the higher compression ratio an 
optimum spark advance of 30 deg BTC was reached with 
a minimum specific fuel consumption of less than 0.380 
lb per bhp-hr. At a mechanical efficiency of 91% this 
would correspond to 0.344 lb per ihp-hr. With the 6.49:1 
compression ratio, the optimum spark advance was not 
reached but a spark advance of 40 deg BTC resulted in 
rather rough operation, and the test was discontinued 
beyond this point. The data for 6.3:r compression ratio 
were not carried beyond 35 deg BTC, but indicated a defi- 
nite decrease in specific fuel consumption as the spark 
advance was increased. Since the standard spark-advance 
timing for this engine is 20-20 deg BTC and the compres- 
sion ratio 6.49:1 actual, this curve indicates that the cur- 
rent performance of this model can be improved almost 
0.04 lb per bhp-hr or 10% by the proper choice of com 
pression ratio and spark advance, provided fuel is used 
which is suitable for such operation. It must be realized 
that test data under thoroughly stabilized conditions cannot 
be immediately converted into actual service operation since 
variables not yet under the control of the engine manufac 
turer from a production point of view prevent full utiliza 
tion of such improvements. The data do indicate, how- 
ever, improvements which can be realized. 

In drawing altitude curves, it is customary to draw such 
curves at best-power mixture strengths since such an oper 
ating condition can be approximated better than definite 
mixture strengths; and since data indicate that a straight 
line on the altitude chart represents the best power char 
acteristics of the engine. In normal operation, however, 
best-power mixture strengths are used very rarely since 
the engine is generally operating on fuel-air ratios leaner 
than best power for cruising operation or richer than best 
power for the higher power operation. It is desirable to 
know the influence of the mixture strength on the engine 
output, and Fig. 13 has been prepared covering mixture 
curves for the power and speed values indicated. A rather 
satisfactory correlation of test points has been obtained in- 
dicating a definite average curve shape. Since the 
ordinates of this curve have been presented as percentages 


co 


of the best power values, the curve is rather generally ap 
plicable. It will be noted that, above 100°C, or best power 
fuel flow, the loss in power represented by an increase in 
manifold pressure required to maintain constant horse- 
power — is not at all abrupt and this is consistent with the 
mixture curves previously shown. On the lean side, or 
values below too‘ fuel flow, the curve rapidly assumes 
asymptotic characteristics and would indicate that best 
economy is approximately 84% of best power fuel flow 
and that the power loss when operating near best economy 
is almost indeterminate because of the curve steepness at 
this point. This result again correlates with operating 
experience which has indicated the horsepower loss when 
operating at minimum specific consumption values is not 
at all consistent. If the fuel-flow scale is replaced by a 
fuel/air scale, the curve again is very representative of the 
average engine performance. 


® Miscellaneous Problems 


Although not necessarily related directly to the engine 
operation, several problems resulting from altitude opera- 
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tion have a direct effect on engine design. Ot these prob 
ably the most serious are those of accessory drives and 
reduction gearing. Just as the airplane manufacturer re 
grets the necessity for an engine to spoil his otherwise 
streamlined object, so the engine manufacturer regrets the 
necessity for accessory drives to permit functioning of the 
airplane. The engine is, in itself, a relatively self-contained 
unit including the parts necessary for its functioning such 
as magnetos, carburetor, and so on. Even the gasoline 
supply could be fed by gravity if the tanks were placed 
above the engine and kept there. Nevertheless, the engine 
must provide drives for an endless number of accessories, 
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generators, tachometers, vacuum pumps, hydraulic pumps, 
cabin superchargers, and so on, such that the rear end of 
the engine is almost invisible when the accessories are 
bolted on the engine. Further to complicate the issue, 
the capacity of such accessories is continually increasing so 
that 30-hp drives for a single accessory are not uncommon. 
With the torque meter, proper credit for the power ab 
sorbed by such accessories, which power absorption is not 
indicated on the torque meter, is rather important since 
only 12 hp in the low cruising range of the Cyclone engine 
could easily affect the engine brake specific fuel consump 
tion by more than 2%. The engine manufacturer is, there 
fore, continually compromising his design to provide big 
ger and better drives for accessories; and such compromises 
inevitably result in increased engine weight and higher 
weight per horsepower. 

The reduction gearing is a problem only because it is 
difficult enough to design and test one type of reduction 
gearing alone without having on hand varieties to suit 
every occasion. With the design of faster airplanes and the 
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use of higher operating altitudes, the reduction-gearing 
problem becomes quite complex. At take-off the helical 
velocity of the blade tip is relatively low and higher pro 
peller speeds are required to obtain proper efficiencies than 
can be tolerated in flight at high altitudes where the helical 
velocity is quite high and lower propeller speeds are re 
quired to keep the tip speed under the speed of sound. 
Fig. 14 presents a relatively simple example of the prob 
lem without recourse to the intricacies of propeller calcula 
tion. For this example it has been assumed that 1700 bhp 
is available at any altitude and that the engine is installed 
in an airplane capable of 400 mph at 20,000 ft. The air 
plane speed for other altitudes is shown by the upward 
curving line and shows a probable gain of over 100 mph 
between sea level and 25,000 ft. If the reduction gearing 
were chosen so the propeller tip speed for this particular 
airplane and propeller was always at go%@ of the velocity 
of sound, a value which represents approximately the point 
of maximum efficiency, the required reduction gear ratio 
would vary between 0.565:1 at sea level to 0.417 at 25,000 
ft. For take-off, a ratio considerably higher than 0.565 
would be desired. If the propeller size varies between 
different airplane designers as is always the case, the re 
quired range of reduction gears is considerably greater. 


At the 


Wright Cyclone engines cover a range from 0.6875 to 


present time, the reduction-gear ratios used on 


0.4375:1, and values less than 0.4375 are desired. The 
complexity of such a problem when suitable certification 
tests must be completed cannot be appreciated unless one 
is thoroughly familiar with the details, but a choice of 
three reduction gear ratios with and without torque meters 
could require six certification tests. The addition of an 
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extended propeller shaft to improve cowl entry would bring 
the number of combinations to twelve and the number 
continues to increase quite rapidly. 


ms Summary 


The foregoing presents typical data pertinent to the effect 
of altitude and the need for higher speeds which altitude 
permits on the design and development of the aircraft 
engine. Much of these data have been calculated; too little 
have been based on actual altitude operation since the rate 
of progress of the engine industry does not permit the 
accumulation of data which are desired by the engineer 
until the design has become virtually obsolete, almost a 
matter of months instead of years. It is not possible to 
forecast the trend of aviation development definitely, but 
it is certain that anyone connected with the design and 
building of aircraft engines is making feverish attempts 
to explore all possible lines of powerplant development. 
It is the author’s opinion that one of the most retarding 
forces to accelerated development toward improved econ 
omy and higher specific output is the difficulty in obtaining 
precise and comprehensive data under actual flight oper 
ating conditions due to the lack of suitable flight test 
facilities, as well as of time itself. The test facilities are 
purely an economic matter, but the capital expense neces 
sary to provide one or more test airplanes suitable for 
modern engines is almost beyond the realm of possibility. 
The time element, an equally important factor, cannot be 
overcome at the present pace of the industry. The period 
of months necessary to obtain complete information on an 
engine type seems scarcely justifiable when the same time 
interval could produce several new types of engines o1 
methods of attack on a specific problem. 

Despite all this, the present performance of the aircraft 
engine at altitude is something to be proud of, and credit 
must be given to the coordinated effort of both the engine 
manufacturer and the operator in working toward a com 
mon objective which will permit the greatest progress in 
the least time. It is certain that improvements in power 
plant efficiency will continue; new methods of supercharg- 
ing will be developed; and that operating altitudes will 
continue to increase along normal development curves. 














Engineering Properties of 


ACH year rubber has been increasingly applied to new 

products, especially automotive. New standards of 
quietness and performance have resulted from utilizing the 
truly marvelous property of rubber to deform elastically 
when loaded. For example, rubber will deform some thirty 
times more than steel and very nearly return to its original 
dimensions when the load is removed. 

The extensive new uses of rubber have developed a need 
for representative engineering data to be made more readily 
available to the product engineer. Now rubber is a com- 
plex material involving many specialized factors in its 
production and manufacture not required in engineering 
rubber into the composite product. Unfortunately, the 
literature’ disclosing design and performance of rubber 
under compression, pertains largely to theory or practice 
along some specific line which makes it difficult to apply 
in a general manner or to other design types. 

Rubber compounds in today’s motor cars are largely 
used: (1) to minimize vibration and noise; (2) to carry 
and distribute load; and (3) to exclude moisture and dirt. 
Such functions may be accomplished by stressing the rub- 


{This paper was presented at the Semi-Annual Meeting of the 
Society, White Sulphur Springs, West Va., June 12, 1940.] 

1See SAE Transactions, January, 1939, pp. 15-20: ‘“‘Rubber as a 
Load-Carrying Material,’ by F. L. Haushalter; see also ASME Trans- 
actions, 1937, Vol. 59, pp. 471-491; ‘‘Rubber-Cushioning Devices,” by 
C. F. Hirshfeld and E. H. Piron; see also Mechanical Enginecring, 
Vol. 59, May, 1937, pp. 345-349: “Rubber Springs,’ by Walter C. 
Keys; see also India Rubber Journal, Vol. 95, May 7 and 14, 1938: 

















RUBBER IN 





F gey concerning the compression characteristics 
of rubber to aid engineers in incorporating 
rubber into their products are presented in this 
paper. Seven properties of rubber are defined: load 
deformation; stiffness; hardness; form factor; tem- 
perature factor; permanent set; and dynamic prop- 
erties, including creep. 


Discussing hardness, the author charges that the 
generally used durometer method of measuring this 
property has "serious limitations and low accuracy" 
when applied to rubber, and announces that the 








ber compounds in tension, shear, or so-called compression. 

Actually rubber compounds cannot be compressed ap 
preciably (see Table 1); that is, their volume is not made 
noticeably smaller by the application of load. When load is 
applied, the material will tend to flow to regions of lesser 
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~—6COMPRESSION.. 


by ROY W.BROWN 


In Charge, Automotive Research Division, 
The Firestone Tire & Rubber Co. 





SAE is cooperating with the ASTM to improve this 


condition. incorporate rubber into his product to minimize noise and 
Temperature curves, he points out, are not ordi- vibration effectively. 
narily required in design computations for rubber 
parts in motor cars since the rubber functions in a 
commercially acceptable manner through the range 
of temperatures to which the rubber is subjected 
in a motor car. 


It is difficult to isolate and measure any single property 
of rubber compounds as the properties are interrelated and 
the effects of each are overlapping and not susceptible to 
convenient segregation. This condition has led to the 
development of a number of individual empirical test 
methods giving results which are not directly intercom 
parable and, therefore, are confusing to the products design 
engineer. 


A description of apparatus developed to mea- 
sure the various properties of rubber includes dy- 
pice aaa and fatigue-testing For high-grade rubber stocks having small hysteresis and 
ee low permanent set, a measuring technique has now been 
developed which provides data of sufficient accuracy and 
adaptability to be useful for general application designs. It 
must be understood that the data are to be used within the 








until stresses within the material develop and balance the 
load. Therefore, the word deformation is used hereafter to 
replace “compression” as included in the title. 

It is the purpose of this article to present recent com 
paratively simple data concerning the deformation charac 


teristics of rubber needed by the engineer desiring to 


enumerated conditions and that tentative designs must be 
substantiated by test of full-scale parts under actual operat- 
ing conditions. 

Rubber, in the condition provided by nature, has few 
commercial important properties. It is the addition of 
compounding ingredients and vulcanization that provides 
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Table | — Average Values of Physical Properties of Rubber Compounds Applicable to Design 


Property — 

30 

Specific Weight, (\b/cu in.) 0.036 

Specific Heat, Btu/Ib/F 0.46 
Thermal Conductivity, Btu/sq in./min/F/in. thickness 0.00011 
Thermal Expansion, Volume ratio/F 0.00033 


Shrinkage, “; linear from the as-molded condition to 
atmospheric 24 hr after vulcanization. 2.1 


Damping Ratio*, D 0.014 
Hysteresis Ratio* D, 0.16 
Compressibility 

Note: *From published values',4. See Fig. 11 for values obtained with spe 


Compound — durometer 


40 50 60 70 80 
0.038 0.040 0.043 0.045 0.047 
0.43 0.40 0.38 0.35 0.33 
0.00012 0.00012 0.00013 0.00014 0.00015 
0.00029 0.00026 0.00024 0.00022 0.00020 
2.0 1.8 1.5 1.3 1.1 
0.016 0.037 0.074 0.12 
0.18 0.40 0.61 0.77 


Less than 0.0004°;, per Ib of applied load per sq in. area. 


fe test conditions 





the elastic properties so useful in vibration and noise sup 
pression. These processes are so flexible that literally thou- 
sands of rubber compounds are made and_ produced 
commercially. 

Rubber can be compounded in various percentages with 
many materials. This property makes possible economical 
materials having low physical properties for such applica 
tions as grommets, body shims, dirt seals, and the like. 
Space limitation prevents discussion of such applications in 
this article. 

Since the origin of the multiplicity of rubber compounds 
has been worldwide, it is not surprising that confusion in 
terminology~ pertaining to properties has resulted. The 
properties of rubber — elasticity, energy, hysteresis, and 
resilience — have been defined*, and these meanings will be 
used herein. 

Additional properties, knowledge of which are essential 
to logical application engineering, are: 

t. Load-Deformation: The change in length (in.) caused 
by the application and support of load (lb). 

2. Stiffness: The ratio of load to the deformation re 
quired to support it. (For computation purposes in con- 
nection with Figs. 1 and 2 this value is to be reduced to 
unit area and length, that is, lb per sq in. of area/in. length 
and to temperatures of 70-80 F.) It is the equivalent of 
“rate” in a steel spring except that different values result 
from different compounds, loads, deformations, tempera- 
tures, shapes, and mountings. It also may be visualized as 
a specific form of Young’s modulus of elasticity for a 
material without elastic limit having a modulus which 
varies with change in the factors stated. 

3. Hardness: An empirical term, commonly applied to 
rubber, meaning amount of surface deformation by a 
pointed instrument under specified conditions as to shape 
of point, load on the point, and method of application. 

4. Form Factor: The ratio of loaded surfaces (sq in.) to 
the total surface (sq in.). 

5. Temperature Factor: The change in stiffness with 
temperature variations. 


This is most conveniently ex- 


2See India Rubber Journal, Jan. 6, 
nology,” by T. R. Dawson. 

3See India Rubber Journal, Nov. 11, 1939, pp. 557-561 and Rubber 
Age, Vol. 20, November, 1939, pp. 271-274: “Properties of Rubber 
Revealed by Mechanical Tests,” by F. L. Yerzley. 

4 See Transactions of the Institution of the Rubber Industry (London), 
May, 1938: “Dynamic Evaluation of Damping and Durability of 
Rubber Compounds,” by Roelig. 


1940, pp. 9-12: “Rubber Termi- 
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pressed as a multiplier applicable to stiffness at 70-80 F. 

6. Permanent Set: The permanent change in length 
resulting from the sustaining of load for an appreciable 
period of time. This value is expressed most conveniently 
in percentages of original length. It is measured after the 
load has been removed and a sufficient length of time has 
elapsed to permit the rubber to recover fully from transient 
effects of the load application. 

7. Dynamic Properties: Rubber does not function in an 
identical manner when loads are applied and removed at 
high speeds as compared with very slow (so-called static 
20 in. per min or less) speeds of application. Hence, a 
series of measurements under rates of load application 
simulating service conditions are necessary. 

(a) Load Deformation: Tests with harmonic frequencies 
up to 1000 cycles per min are necessary to insure correlation 
with service performance. , 

(b) Hysteresis: When rubber is subjected to cycli 
deformation, it absorbs energy as the load is being applied 
and restores energy as the load is being removed. Not all 
of the applied energy is restored, the difference being dissi 
pated as heat. This is indicated by the difference between 
the load deformation curve secured when the load is being 
applied and the load deformation curve secured when the 
load is being removed. It is most conveniently expressed* 
as the ratio of the energy (lb-in.) absorbed in the rubber to 
the energy restored when subjected to cyclic load deforma 
tions. Hysteresis occurs and is measurable at low rates ot 
load application (static) as well as under the rapid (dy 
namic) rates of load application, such as occur in service. 

(c) Creep: Rubber undergoes a transient as well as 
permanent change in deformation condition dependent on 
previous history, time, amount and type of loading, tem 
perature, and the type of rubber compound used. (This 
property is best expressed as per cent change of initial 
deformation per unit of time during which the specifi 
dynamic load deformation condition is maintained.) Creep 
also is significant in the same sense under static conditions. 


gw Utilization of Data 


3efore studying the outlined properties of rubber in 
detail, the designer desires to know how he can apply the 
data to secure a quick approximate solution of a tentative 
design problem. The following typical problem and solu 
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tion will indicate methods of using advantageously the 
design data presented herein: 

Problem: It is desired to support a radiator weighing 
75 lb on a single, flexible, vibration-isolating support. The 
center of mass is above the proposed support, and the 
radiator 1s stabilized laterally and longitudinally by the 
associated fender assembly. Major natural frequencies are 
front wheels, 600 cycles per min, motor 500 cycles per min, 
and frame 700 cycles per min. 

Solution: Since the mount will be in contact with the 


radiator, an operating temperature of 180 F 


may be as- 
sumed. 


The requirement of a single support indicates 
metal adhesion as the most desirable type of mounting. 
The natural frequency should avoid the other natural fre- 
quencies and isolate the radiator from 


their vibrations, 
hence, a lower value is indicated. 


Assume 350 cycles per min as a logical natural frequency 
for the radiator mount, and check for transmissibility of 
motor vibrations. 


From Formula (6b) in Appendix, 
i l l 
1 


0.96 
F,/F)? — 1 


500/350)? — 1 
This value will prevent resonance effects and, therefore, is 
acceptable. 


From Formula (3b), 


" F2w 350? & 75 
stiffness - 2 230 
35,300 35,300 


oe 
The multiplier for 180 F shown by Fig 
0.95. WS corrected to 70-80 F is 


R 3. for so; on Fig. ? is 


250 wo * : 
= 274 (stiffness‘effective at 70-80 I 
0.95 
From Formula (la 
; Ww 75 q 
deformation A = 0.27 ip 
S 274 


deformation effective at 70-80 F 


Since creep in this type of installation would not be of 


outstanding importance, the higher deformations and 


harder compounds in the region of conventional design 
(Fig. 2) may be used. 

Selection of a 70 durometer rubber compound (Fig. 2) 
indicates permissible loads of 150 lb per sq in. and defor 
mation of 15% at 


an assumed torm factor of 0.5. 
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Therefore, actual loaded area of the part need be: 


io 


Te 0.5 sq in. (equivalent to a circle 0.8 in. in diameter) 
of 
Actual length need be: 
0.27 X 100 
15 


This gives a length-to-width ratio: 


= 1.8 In. 


1.8 : l 
= 2.2 and form factor = - 0.18 
O.S 2.9 


‘ihe length-to-width ratio is excessive. Therefore, a lower 


nominal value hardness should be 


rubber compound 


C hecked. 
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m Fig. 4—The effect of mountings on load-deformation properties 
is given as a form-factor multiplier for Figs. | and 2 


For a 4o-durometer compound and an 


assumed 0.25 
form factor, values from Fig. 2 are: load go, deformation 
21°¢, 0.83 sq in. area, 1.28 in. length, actual form factor 
0.28, and length-to-width ratio 1.24. This meets stability 
requirements and the form factor is sufhciently close for 
practical purposes. 

The solution indicates that the radiator mount is feasible. 
It remains to determine detail design and cost. Since loads 
and deformation are maximum, samples must be service 
tested to substantiate serviceability and effects of creep. 
The rubber technologist should now be consulted so that 
all detail can be adapted to provide highest performance 
with most economical manufacture. 

The engineer will find many ways of adapting the de 
sign graphs (Figs. 1, 2, 3, and 4) to his particular problem. 
In fact these graphs have been prepared to facilitate adapta 
bility and also to provide a picture of the significance of 
each step in the design approximation as it occurs. The 
latter is important as it undoubtedly will be some time 
before bare figures replace experienced judgment in the 
application of rubber compounds to the motor car. 


@ Load Deformation — Most Important 


Rubber is useful to the engineer because of its ability to 
deform when loaded and to return substantially to its orig- 
inal dimensions 


when the load is removed. 
data 


Therefore, 
deformation of 


concerning rubber under typical 
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service-loading conditions are essential before a logical 
design can be initiated. Since load-deformation properties 
are not linear for rubber and are different for different 
compounds, this property can best be expressed graphically. 

Study of methods of measuring load deformation indi- 
cates rates of load application and removal have been used 
generally which are much slower than those occurring on 
actual rubber parts in automotive service. Since the deflec 
tion of rubber is affected by time of load application, it is 
important, if the load deformation-data are to be used to 
predetermine service performance, that the time of loading 
approximate the short intervals that are encountered in 
actual service. For this reason a new high-speed recording 
load-deflection machine (Fig. 5) has been developed. Tests 
at speeds of load application from 6 to 600 in. per min, 
indicate that the nominal value of 60 in. per min simulates 
actual conditions with sufficient accuracy for practical de 
sign data. 

In practice, variation in conditions of operation and 
necessary commercial tolerances result in appreciable spread 
of load-deformation properties; hence, accuracy in measur 
ing this property of +5% (shaded areas in Figs. 1 and 2) 
meets present-day requirements. The recording load 
deformation machine can easily be maintained accurate to 
within 3% by dead-weight calibration of load and microm 
eter measurement of deflection as indicated by chart travel. 
The essential characteristics of such measuring devices 
should be speed and convenience of operation to facilitate 
large numbers of tests and preparation of data on average 
basis. 

Cylindrical samples are necessary to eliminate sharp 
edges which introduce appreciably different deflection con 
ditions. The 1 cu in. sample, 1 in. long with 1 sq in. 
mounting surfaces, as shown in Fig. 1, has proved most 
satisfactory. Length of molded samples can be changed 
readily and vulcanized in place, end plates provided, from 
a single mold and adapter washers. 





The engineer can best visualize the performance of 
rubber when loaded by first considering it as a non 
compressible fluid which flows from a region of higher 
pressure to any available region of lower pressure. Such 
flow is resisted by stresses within the rubber and by adhe 
sion to the surfaces in contact with the mounting until 
equilibrium occurs. It 1s, therefore, necessary to consider 





m Fig. 5 — New Firestone machine for recording def- 
ormations of rubber compounds under rapid ap- 
plication of load 
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the area and type of contact with the mounting to insure 
accurate load-deformation measurements. 

Two types of mounting are of immediate interest to the 
designer: (1) mechanical unlubricated contact of rubber 
with metal, and (2) rubber vulcanized to the metal mount- 
ings. Load deformations for each type mounting for typical 
rubber compounds using the described sample and rate of 
load application, are shown in Figs. 1 and 2. Data for 
intermediate designs may be approximated by using pro- 
portional values from both Figs. 1 and 2. 


m Stiffness — An Essential Property 


In a metallic spring, stiffness has long been expressed as 
“rate,” that is, the number of pounds required to deflect 
the spring 1 in. With rubber the load required for unit 
deflection changes with different loads. Attempts® ® * have 
been made to establish a formula for such change; all are 
involved and at best are only approximate. For the engi 
neers ready reference the property — stiffness — has been 
plotted in Figs. 1 and 2 so that specific values can be 
determined readily for the particular load or deflection 
being considered. 

To approximate the natural frequency of a mass sup 
ported on a rubber spring, it is necessary to use the stiffness 
factor for the specific static load in the fundamental pen- 
dulum formula (see Formula (4) Appendix) instead of 
total deflection under static load as is commonly done for 
metallic springs. Such information is very important in the 
logical design of rubber for supporting a mass and there 
after isolating the supporting structure from vibrations 
which cause only small additional deflection such as motor 
mountings. Knowledge of natural frequencies also is essen 
tial to enable prevention of resonance with other associated 
elastic systems. 

The property stiffness provides a single numerical value 
representing the load-deformation relationship under the 
infinite number of conditions occurring with different 
loads, deformations, hardnesses of rubber compounds, 
methods of mounting, form and temperature factors. It 
also provides a convenient means to interconnect dynamic 
with static properties. It is the factor which the engineer 
must use to evaluate elastic performance of load-carrying 
rubber with accuracy sufficient for modern design require 
ments. 


® Hardness — Misnamed but Useful 


With metals, hardness usually is expressed as a function 
of, or the result of, load application of a magnitude sufh 
cient to cause permanent distortion or fracture of the 
surface being tested. Such methods are not applicable to 
rubber on account of the large deformation required to 
cause any permanent change in the tested surface and the 


5 See India Rubber Journal, Vol. 96, November, 1938, pp. 22-27 
“Compression Tests of Vulcanized Rubber,’ by R. Ariano. 

® See Transactions of the Institution of the Rubber Industry (London), 
April, 1937, pp. 426-439: “Rubber in Compression,” by Morrison. 

7See Industrial and Engineering Chemistry, Vol. 24, July, 1932, 
pp. 782-790: ‘‘Compression Stress-Strain of Rubber,” by J. R. Sheppard 
and W. J. Clapson 

8 See Industrial and Engineering Chemistry, August, 1921, pp. 707 
712: “The Modulus of Hardness of Vulcanized Rubber,’’ by Gurney. 

® See Transactions of the Institution of the Rubber Industry (London), 
October, 1927, pp. 217-233: “The Hardness Testing of Vulcanized Rub 
ber,””’ by Dawson 


10 See Transactions of the Institution of the Rubber Industry 
(London), 1935, pp. 224-240: “Rationalization of the Hardness Testing 
of Rubber,” by Scott. 

'See Industrial and Engineering Chemistry February, 1928, pp 
216-223: “‘A Hardness Tester for Rubber,” by Zimmerman and Browr 


2 “Tndentation of Rubber by Means of the Pusey and Jones Plastom 
eter,’ ASTM Designation D531-39T 
13Standard Method of Tests fo 


Hardness of Rubber,” 
Designation D314-39 


ASTM 


October, 1940 


sudden and erratic surface failure which results with break 
down loading. 

Much study* *® 2° has resulted in numerous individual 
methods of accomplishing a measurable property for rub- 
ber compounds akin to hardness in metals, which could be 
used in a similar manner to designate a property indicative 


of load-deformation performance. A number of instru 
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m Fig. 7— Comparative values of rubber "hardness," as indicated 

by the commonly used instruments, may be secured from readings 

on any horizontal line. Space is provided for insertion of indica- 
tions of new or special instruments 


ments have been developed to measure “hardness” of 
which the plastometer*’, the durometer (Fig. 6) and the 
penetrometer’! have been generally used. Of these instru- 
ments the durometer has been and is being most generally 
used despite its serious limitations and low accuracy. 

Standard methods’*: 7% of “hardness” measurement spec- 
ify the conditions of use, size, and shape of the point, load 
on the point, and value of indentation of the point into 
the rubber surface being tested. These, if followed, will 
provide comparable results. Unfortunately, the vagaries of 
the durometer exclude it from any serious intercomparison. 
It is suggested that measurements be made with other 
instruments and the indications be converted if necessary 
to durometer using values given in Fig. 7. 

The matter of “hardness” measurement is complex and 
subject to serious error from causes too numerous to dis 
cuss in this article. On account of general use only, data 
presented herein use durometer values to indicate different 
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Table 2-—"'Hardness" Instrument Properties 


Instrument -—- 
Function 


Durometer - 
(See Fig. 6) 3 Ib 


_— So 


Load on indentor Variable spring to 31 0z 3-lb spring 
0.26 Ib at 10 to 2.74-2.81 Ib at 100 
1.85 Ib at 90 3.19-3.27 Ib at 0 


Shape indentor 33 in. flat circular sharp- 0.0469 in. spherical 
edged, slightly tapered radius 


above face. 


Presser foot load Not specified. 5 Ib 
Use 3 — 5 tb. 
Presser foot shape 0.50 in. 0.625 in. flat 


flat circular. circular 


Procedure Apply by hand — similar 


to penetrometer. 


Time of reading Not specified — Use 0.5 
after indentor min. 
contact 


Penetration in. 


Average of 3. 


Indication value Empirical. 
Temperature Not specified — Use 70 - 
70 — 80 F. 


Gage accuracy 98°;, claimed (Average of 
6 instruments + 5 of 


indicated value). 


Sample Not specified — Use 1 in. 14 in. thick — 
thick — 1 in. lateral 
minimum. 


Note: See Fig. 7 for indication conversion values 
Other instruments: 


Penetrometer!! - 


+ 0.0005 in. 


minimum. 


ASTM: Plastometer®: ‘2 
1 Ib ly-in. ball 14-in. ball 


—, ———— A - 


1-Ib spring 3-lb weight 
0.925-0.955 Ib’at 100 + 0.064 
1.045-1.075 Ib at 0 


1 kg (2.2 Ib) weight 
+0.019 


0.0469 in. spherical 0.0469 in. spherical 0.0625 in. 0.125 in. 
radius radius spherical spherical 

radius radius 
3 Ib 5 Ib None None 


0.625 in. flat 0.625 in. flat 
circular circular 


indentor under force of spring contacts Presser foot contacts Indentor is brought into 
sample and deflects until presser foot 
contacts under specified load. 


under specified load contact with sample and 
and indentor is loaded as specified. 
applied afterward. 


0.02 min for hand instruments. 0.5 min 1 min 1 min 
0.5 min for mounted instruments. 


Penetration in. Penetration mm 


1000 1000 100 
Average of 6. Average of 3. 





80 F To be comparative To be comparative, take 
take at same speci- at same temperature. 
fied temperature 
+ 0.0005 in. Graduated to show 
0.01 mm 


1 in. lateral 1% in. thick — 2 in. 


lateral — minimum. 


Special holder — 14 in. 
thick by 114, x 3 in. 


The densimeter gives readings about 14% higher than the 3-lb penetrometer. 


The Deutsche Verband fiir die Materialpriifungen der Technik’ use 
The Research Association of British Rubber Manufacturers” use 


10 mm ball, 1-kg weight and indications of mm/10 


] 


4-in. ball, 1-kg weight and indication of mm/100 


Schopper Hardness Tester, Cusson Durometer, Rubbermeter and Strachans Piezomicrometer are other instruments using the indentation method 


of hardness determination. 





classes of rubber compounds. If durometer values must be 
used for design purposes, it is necessary to specify durom 
eter values to some definite set of conditions. Character 
istics of a number of durometers have been measured with 
results shown in Fig. 6. 

Data included herein are based on using “hardness” 
measuring instruments under specific conditions, as shown 
in Table 2. Data for converting values of different instru 
ments, based on a number of experimental determinations, 
are given in Fig. 7. 

The limitations of present “hardness’-measuring tech 
nique are appreciated. Your Society is now cooperating 
with the American Society for Testing Materials to bring 
about improvement in this important matter. Until further 
progress is realized, load-deformation data, no matter how 
accurately secured on individual samples, can be considered 
applicable only to within + 10% at best. 





144See Mechanical Engineering, Vol. 59, May, 1937, pp. 345-349: 
. . % . . " . 
“Rubber Springs,” by Walter C. Keys. 


@ Form Factor — Effects of Loaded Surfaces 


The conception of rubber compounds as a non-compres 
sible fluid, tending to flow from a region of higher pressur« 
to any available region of lower pressure until forces are 
equalized by elastic stresses set up in the material, is help 
ful in visualizing the effect upon load-deformation prop 
erties of the mount to which the rubber is attached. Th: 
area of the rubber part in contact with the mounting exerts 
a restraining force in addition to elastic forces set up in the 
rubber. This mounting condition must be considered 11 
load-detormation properties are to be predetermined with 
sufficient accuracy for design purposes. 

Mounting conditions have been recognized and load 
deformation curves are shown in the literature'* for dif 
ferent areas of loaded surfaces on the mountings. The 
introduction of a single property — stiffness — which is a 
valid index of the load-deformation relationship, enables 
the effect of the mounting to be expressed as a multiplier 
applicable to the stiffness values shown in Figs. 1 and 2. 
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While such simple conception provides data adequate for 
design purposes, it should not be used for extremely com 
plicated shapes or box-like structures, such as certain types 
of motor mountings where the actual mounting, as well as 
total effective areas, are indeterminate. 

The marvelous flexibility of rubber compounds enables 
attachment to the mounting in nearly every conceivable 
manner. Therefore, general expressions can only approxi 
mate the performance of the simpler types of mountings. 
Such data supply a base, the correction factor for which 
can be determined experimentally for the more complicated 
mounting types. 

Here again, the conception of rubber compounds as 
elastic non-compressible fluids is helpful as it enables flow 
(elastic deformation) to be predetermined on the basis ot 
the ratio of the loaded surfaces (restricted flow ) to the total 
surface. Such conception would not be mathematically 
correct for all conceivable dimensions. However, the com 
mercial rubber vulcanization process limits thicknesses to 
1 or 2 in. Within these dimensions form factors based on 
ratio of areas provide simple usable information for the 
products design engineer. 

In case the rubber compound is confined in the mounting 
as, for example, in a metal cup, the rubber, being non 
compressible, must be considered for design purposes as 
non-existent, that is, the effective mounting surfaces are 
across the lips of the cup and not at the bottom. Pertora 
tions, corrugations, and holes on the surface or within the 
central portions, are to be considered as freely unloaded 
surfaces and are to be included in the total area. 

Form-factor data of the described type have been pre 
pared for cylindrical samples and are shown in Fig. 4. The 
multiplier in Fig. 4 applies to stiffness as indicated in Figs. 
1 and 2. Values shown are average for loads to 100 |b per 
sq in. Larger loads could be represented more accurately 
with somewhat higher values. Additional curves for the 
larger unit loads can be added when justified by improve 
ment in other conditions now limiting application of design 
data. 

The ability to mold rubber in nearly any conceivable 
shape makes possible a large number of mounting types 
not feasible with metallic materials. This makes it difficult 
to specify briefly the relationship which must exist between 
length and width to insure freedom from buckling. 

The designer may neglect consideration of this factor up 
to ratios of 1 for mechanical mounts and to 1.25 for mounts 
vulcanized to metal on each loaded surface if the part is 
positioned by the parts to which it is attached. Experi 
mental designs with larger ratios or designs with other 
than symmetrical distribution of the rubber, should be 
investigated betore proceeding. 


@ Temperature Factor 


Present-day applications of rubber, especially in the 
motor car, must function in a commercial manner at tem 
peratures varying from 10 to +200 F; therefore, the 
design engineer should have available information concern 
ing the effect of temperature on the load-deformation 
properties of the rubber compounds which he proposes to 
engineer into his product. While some information is 
available!®, it is not in convenient form for design purposes. 


See India Rubbe nal, December, 1 ). pp. 899-901: “*Mechan- 
ical Properties of Rubber in Compressio: t low Temperatures,” by 
Douglas 

®**Test for Compression Set of Vulcanized Rubber,”” ASTM Designa- 
tion D395-37T, Method A 


October, 1940 


The new recording load-detormation machine (Fig. 5), 
im conjunction with suitable temperature-controlled ovens, 
provides a means of securing the temperature factor for 
representative rubber compounds. This instrument enables 
rapid insertion of sample and rapid application and re 
moval of load. It provides a convenient and precise means 
of determining the temperature effect for both “static” and 
dynamic properties of rubber compounds. 

The stiffness property also provides the designer with a 
convenient means of correcting load-deformation data to 
the particular temperature desired. Multipliers for this 
purpose are shown in Fig. 3 and may be used for correct- 
ing to the desired temperature load-deformation graphs 
(Figs. 1 and 2). 

Experience has demonstrated that rubber functions in a 
commercially acceptable manner through the ranges of 
temperatures to which it is subjected in the motor car. 
Hence, the temperature curves are not ordinarily required 
i design computations. Under the hood temperatures and 
the use of harmonic balancers and devices of similar dy- 
namic performance necessitating a closely-tuned, elastically 
suspended mass, require closer approximation of service 
performance. Correction of the load-deformation properties 
of the rubber compound selected for the average service 
temperature may now be made. 


m Permanent Set 


The design engineer is, of course, interested in the way 
the rubber part performs in the hands of the user. The 
length of a rubber part changes slightly on the first several 
successive loadings occurring after vulcanization. It also 
changes sensibly and permanently on continued application 
of loads. 

A standard method of measuring the permanent defor 
mation or set, known as “Compression Set of Vulcanized 
Rubber”'®, is now in general use in the rubber-testing 
laboratory. This method provides comparable data secured 
under accelerated temperatures (158 F) and loads (400 lb) 
on a cylindrical sample, 1 sq in. in area on the loaded faces, 
and 1 in. thick. Correlation of permanent-set data secured 
by the standard method, with actual service conditions for 
each part, must be made before final conclusions can be 
reached. 

Permanent set (per cent of initial length), determined by 
the standard method for highest grade rubber compounds 
having low hysteresis and having hardnesses of from 40 to 
70 durometer, will vary from 15 to 10%, respectively. 

Much work is under way at the present time to establish 
better methods ot evaluating the change of length with 
time of application of load. These developments include 
the technique of measurement as well as changing the 
rubber compound to provide the desired results. The 
matter from the design engineer’s viewpoint is largely one 
of change in dimensions. The stiffness of the compound 
after permanent set of the rubber takes place, changes only 
a small amount. Partial correction for the small change 
can be made, if desired, by computing the form factor for 
final dimensions, that is, allowing for estimated perma 
nent set. 


@ Dynamic Properties 


The very rapid increase in the application of rubber to 
automotive products has increased the requirements of 
designers beyond the engineering data conveniently avail 
able. This condition has been aptly expressed by C. G. 














m Fig. 8—-Dynamic load deformation is produced by harmonic 
motion adjustable from 0 to 4 in. and at frequencies up to 2000 


cycles per min. Motor mounts, bumpers, and complete suspensions 
may be installed and tested in position shown by the telescopic 
shock absorber 


Williams!*, who states: “The use of rubber as an engineer 
ing material will undoubtedly increase. The author would 
like to put in a plea for the accumulation of facts and 
figures relating to rubber which the engineer can readily 
use.” 

The majority of automotive applications of rubber have 
as their primary object isolation, absorption and/or dissi 
pation of vibration and sound. Hence, it is apparent that 
the design engineer should have concise information con 
cerning the performance of rubber under the dynamic 
conditions to which it will be subjected in service. 

The dynamic performance of rubber is exceedingly com 
plex. The comparatively large difference in performance 
of different compounds under dynamic conditions further 
complicates the situation. These conditions, added to the 
fact that not too much is known about the actual dynamic 
conditions occurring at the point of application, make it 
impossible at this time to provide the designer with a con 
cise and complete dynamic-properties picture. 

Dynamic Load Deformation — A dynamic load-deflection 
machine (Fig. 8) has been developed which enables the 
accurate determination of dynamic load-deformation prop 
erties having harmonic amplitudes up to 4 in. and speeds 
up to 2000 cycles per min. The machine has been designed 
very carefully to eliminate all machine vibrations. This has 
been accomplished through the incorporation of full adjust 
ments of all bearings in place, inclusion 


{ 


of very large fly 


wheels and massive frame construction, and forced lubrica 
tion with sufficient bearing area and oil 


pressure to carry 


all loads on the oil film. The resu!t is a reciprocating 
device having a smoothness of operation comparable to the 
best of rotating devices. 

In Fig. 8 an experimental telescopic shock absorber is 
The 
lower end is attached to the reciprocating platen and the 
upper end to a high-speed, load-deflection recorder. The 
upper support is carried on three vertical tubular members 
which are attached rigidly to the case at their lower end. 


shown in the dynamic load-deformation machine. 





Institution of the 
113-124: “Rubher 


17 See Transactions of the 
don). Vol. 15, 1939, pp. 
C. G. Williams. 
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installation 
the machine of elastic parts used in present automotive 


The construction enables the convenient on 
construction. 

The dynamic load-deformation machine can be adapted 
The seal 
A test 
form, the lower contour of which is made to conform with 


readily to seat cushion tests, as shown in Fig. g. 
cushion is mounted on the reciprocating platen. 


the average human anatomy, is positioned on top of the 
cushion by means of linkage simulating the human knee 
and ankle joints. A chronograph is placed on a rigid upper 
member with its recording pencil attached to the test form, 
thus recording the displacement-time properties of the test 
form resulting from the action of the cushion under the 
harmonic vibration to which it 1s subjected by the machine. 
Some results of typical passenger-car seat cushions are 
shown in Fig. 1o together with experimental cushions 
having maximum absorption and maximum damping. 
Hysteresis: Dynamic tests are necessary to evaluate the 
hysteresis effect in rubber compounds. Load-deformation 
effects of this property need not be considered directly by 
the designer as it is included in the load-deformation 
graphs (Figs. t and 2). It is to be considered as influ 
encing effects of natural frequency and resonance condi 
tions. In fact, the hysteresis property is an excellent tool 
for the designer to work with in minimizing the all-too 
frequent occurrence of resonant vibrations. Formulas (5), 
(6) and (7) in the 
tate such work. 


Appendix have been provided to facili 





m Fig. 9—Dynamic properties of seat cushions being deter- 
mined on the dynamic load deformation machine shown in 


Fig. 8 
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a Fig. 10-Data from typical seat-cushion tests secured on the dy- 
namic load deformation machine 


The constituents of rubber compounds can be varied to 
change the hysteresis effect appreciably. Since changes in 
compounds very probably affect other properties, it is essen 
tial, at least for the present, that the product designer and 
the rubber compounder work closely together. 
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m Fig. || (above) — Hysteresis effect in typical rubber compound 
as shown by the difference between the deformation when load is 
applied and deformation as load is removed 


m Fig. 13 (below) — Dynamic load deformation curves showing creep 
effect after initial load application 
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Cooperation is especially important in the evolution of 
rubber parts which are to be subjected to deflections under 
service conditions of such continuous or rapid nature that 
the hysteresis effect results in excessive temperatures within 
the rubber part. Typical examples of the hysteresis effect 
under 50% deformation and 60 in. per min rate of load 
application are shown in Fig. 11. Values for the damping 
factor, an expression for hysteresis, are given in Table 1. 

Accumulative Effect of I 1) steresis 
loaded, deforms and absorbs energy. 


when 
When the load is 
removed, not all ot the energy is restored, the difference 


Rubber, 








m Fig. 12—The Firestone Fiexometer which subjects 

rubber to rapid cyclic deformation and shear con- 

ditions resulting in large amounts of energy dissipa- 
tion with consequent heating of the test sample 


being dissipated as heat. A machine (Fig. 12) has been 
developed to study accumulative results of this hysteresis 
effect. The test can be accentuated to the point that the 
rate of heat generation exceeds the heat loss from the 
surface of the rubber part, and the temperature builds up 
in: the central portion of the rubber sample until the rubber 
softens and the part actually “blows out.” 

Creep— The engineer’s interest is primarily in the di 
mensions of the rubber part as it is loaded in his design. 
Since “creep” gives change in deformation directly, it is 
more useful in design work than “permanent set.” 

After vulcanization, rubber undergoes a transient change 
in deformation properties dependent upon the extent and 
time of previous load applications. This property is ex- 
pressed as creep. Significance of this property to the de 
signer lies in the fact that the first several cycles of load 





application cause an appreciable change in effective length, 
after which further creep is small. 

This transient change resulting from successive load 
application is shown in Fig. 13 for a typical rubber com 
pound. From this it may be concluded that at least three, 
and preferably ten, load applications should be made before 
any performance tests are conducted. 

Creep should be determined by actual test. It increases 
with increased load and diminishes with tme!*. The fol 
lowing per cent change in initial deformation figures 
approximates values to be anticipated for the indic: ated 
static loads and time intervals at temperatures not exceed 
ing 100 F. 


Load, 
Compound lb per sq in. 24 hr I yr 
30 durometer 35 2% 12% 
40 75 4 25 
50 100 8 35 


The designer should use, if maximum predetermination 
of performance is required, dimensions corrected to allow 
for estimated creep. If design conditions dictate extremely 
accurate positioning of parts, creep determination should 
be made for the particular rubber compound used and 
design dimensions should be corrected accordingly. 

Removal of the load will, with time, permit partial 
in some cases, nearly total recovery from the initial creep 
condition. Recovery is quite variable for different com 
pounds and, if important to the particular design under 
consideration, it should be determined by actual test of a 
full-scale sample part. 


@ Noise Absorption — A Dynamic Property 


Noise may be pictured as a special case of vibration 
having rae gag in the audible range (1,800-600,000 
cycles | per min). The extremely minute displacements ( (less 
than 0.0001 in. ) and high frequencies may be treated dy 
namically similar to other vibrations. 

Since displacements are much smaller than the thickness 
of the usual elastic noise-isolating part, the part does not 
deform as a whole, as is the case when such part is sub 
jected to low-frequency vibrations. Instead, noise vibra- 
tions cause a load deformation equal to only a small frac 
tion of the thickness of the elastic part, and the weight per 
cubic inch of the part serves as the load which the vibration 
causes to move. Thus, deflections are continu 
ously passing through the part. The resistance which the 
material develops to such flow of vibrations determines the 
noise-absorption properties of the elastic material. 

Due to the displacement thickness relationship, resistance 
to the free flow of sound vibrations in and through a 
material is mostly a function of velocity of sound in the 
material, density of the material and the difference between 
these values and similar values of the material from which 
the sound vibration is impressed. 

Values for some typical materials are given in Table 3. 
Numerical values and notations have been stated 
same units as used for other vibrations discussed. 

It is important to the designer to note: (1) the very large 
difference between the resistance ratio of steel and rubber, 
indicating that, when used together, extreme sound isola 
tion results; and (2) the resistance ratio of rubber is large, 
being surpassed only by air. 
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18 See SAE Transactions, January, 1939, pp. 15-20: 
Load- Carrying Material,”’ by F. L. Haushalter. 

19 See ASME Transactions, Vol. 61, January, 1939, p. 36: 
of Eiastic Engine Supports,” by S. Rosenzweig. 
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Table 3 — Vibration Properties of Sound 


Specific Resistance 
Velocity. V, Weight, W, Ratio. 
(in. per (Ib per Alr = 1 
Material min) cu in.) (1/(1/VW))) 
Steel . 12,400,000 0.283 0.000011 
Copper 11,160,000 0.320 0.000011 
Lead 2,990,000 0.411 0.000031 
Glass. 12,960,000 0.094 0.000031 
Concrete 11,880,000 0.072 0.000045 
Wood (Average 9,360,000 0.0171 0.00024 
Water 3,380,000 0.036 0.00031 
Cork (load ? )}'9 1,150,000 0.0086 0.0049 
Rubber 
(70 durometer 
600 Ib load/sq in. 397,000 0.045 0.0022 
(30 durometer 
50 Ib load/sq in. 97,800 0.036 0.011 
Air (See Equation 9b, 
Appendix) 815,000 0.000047 1.0 


Since the velocity of sound determines in part the isola 
tion effect, another important point is change of velocity 
due to different types of rubber and conditions of load 
application. 

The velocity of sound in a material is given by Formula 
(g) in the Appendix. For 30-durometer rubber compounds 
with loads to 50 lb per sq in., the velocity is 98,000 in. pet 
min. For 70 durometer with loads of 600 |b per sq in., the 
velocity increases to 397,000 in. per min. 

The foregoing indicates that the stiffness factor “S,” 
must be made as small as possible if the design is to have 
This can be done (see 
Figs. 1 and 2) by using thicker and softer rubber parts 
with low loading per sq in. 


the best noise-isolation properties. 


Energy absorption (damping) is of small importance at 
sound frequencies since the impressed sound frequency is 


far above the 


natural frequency of present-day rubber 


mountings (comparison may be made by computations 


with formulas (6a) and (6b) in Appendix). 


= Some Additional Design Considerations 


The remarkable ability of rubber compounds to deform 
elastically and to flow plastically causes the designer to 
neglect taking precautions to distribute stresses. The care 
ordinarily used with metals in corner radii, edges, change 
in section, and the like, will be found well worth while in 
securing improved serviceability with rubber compounds. 

As in all molded material, part design should be corre 
lated carefully with mold design. It is seldom indeed that 
an initial part design cannot be changed in some minor 
detail so that improved performance or lower cost will 
result. 

While rubber compounds are inert in contact with a 
large number of chemicals, petroleum products cause 
swelling with serious depreciation of physical properties. 
Hence, provisions should be made to prevent contact with 
petroleum oils. Special compounds are available and have 
proved quite suitable where only occasional accidental con 
tact occurs. Compounds of synthetic materials are available 
and can be used when still greater resistance to the swelling 
action of petroleum is essential. From a design point of 
view all possibilities of preventing contact with petroleum 
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products should be exhausted as the rubber compounds 
provide excellent physical performance with lowest cost. 
Some additional properties of rubber compounds useful 
The values 
are expressed in the same units used elsewhere in this 


to designers have been summarized in Table 1. 


article. Units commonly used in engineering offices have 
been selected so that all data are conveniently usable with 
out extensive conversion. 

Without doubt, possibilities exist for securing both better 
performance and lower cost in the more complete correla 
tion of rubber parts engineering, parts detailing, specifica 
tions, and manutacture. It is hoped that information con 
tained herein will be helpful. 

No easy road to a complete solution of the rubber parts 
application problem is available. Progress to date has re 
sulted with better understanding and use of a more com 
mon terminology, elimination of non-essential design and 
specification detail, and reduction to practice of some of the 
wealth of fundamental information now available. 


® Correlation with Service Performance 


\ny method of laboratory measurement intended to 
secure data for design purposes should be substantiated by 
field test under actual service as well as full-scale laboratory 
tests simulating service conditions in so far as possible. 
With motor cars, performance of elastic systems under 
known conditions of vibration can be determined readily 
on a specially designed chassis dynamometer of the general 
type shown in Fig. 14. This machine has five tons of 20-ft 
periphery flywheels mounted on equally massive shatt and 
bearings, thus virtually eliminating deflection and vibra 


tions in the machine itself. The periphery of the wheels 


C 
are jig-drilled so that cams, simulating any desired road 
condition, can be attached readily. The usual control for 
power input and output 1s provided. 

A number of instruments have been developed for mea 
suring vibration and its effect upon the passenger~”. These 
have proved valuable in predetermining pertormance o! 
elastic systems on the dynamometer when simulating spe 
cific road conditions. 

The need for an interconnecting link between design 
and service is particularly desirable in the case of such parts 
as motor mountings. Service conditions of such parts are 
complex, variable and, in part, probably unknown. Prom 
ising results have been secured experimentally by im 
pressing vibrations in known planes at known frequencies 
and determining resonant conditions. An experimental 
set-up of this type is shown in Fig. 15. 

The reciprocating “dynamic oscillator” illustrated in 
Fig. 15 has a range to 1000 cycles per min. Another type, 
unbalanced weights rotating in opposite directions, as 
shown in Fig. 16, has been developed to extend the rang« 
to 10,000 cycles per min. Higher ranges to the maximum 
of audible sound can be secured with electronic amplifiers 
and magnetic actuators. The latter method has also been 
adapted successfully to low trequency (50 to 150 cycles per 
min) high power, high absorption use such as is necessary 
tor complete motor-car suspensions. 

A number of fundamental formulas are valuable in inter 
connecting design data with the desired service perform 
ance. These are presented in the following Appendix in a 
concise form so as to be immediately available to the design 
engineer in the utilization of the previously described com 


pression properties of rubber compounds. 


20 See Instruments, April, 1940, pp. 103-109: “Present Status of 


Measuring Riding Comfort,’ by Roy W. Brow 


Instruments for 


October, 1940 








m Fig. 14— Suspension dynamometer especially designed to subject 

motor cars to known vibrations, thus enabling measurement and 

study of the vibration effects upon the various elastic systems of the 
moto: car 





m Fig. 15--To interconnect design data on motor mountings with 

service results, an instrument is applied to the motor in such manner 

that vibrations can be impressed about all axes and planes of 
oscillation 





m Fig. 16- Dynamic oscillator to produce vibrations of known prop- 
erties shown as assembled for determination of shock absorber link 
vibration-absorption properties 
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Appendix 


Vibration Formulas and Notations 


(1) Deformation — Amplitude — Deflection: 5) Damping—Hysteresis Effect: 
A = Deformation (in.) as loaded. _ , D =Damping Ratio; a numerical value representing 
A, = Amplitude (in.) of harmonic displacement of load energy tending to restrain motion (velocity type). 
at frequency specified. 


Actual damping coefficient C 


A, = Amplitude (in.) of harmonic displacement of load ie s vt (Reference 21 
at natural frequency. Critical damping coefficient Cc 
A; = Amplitude (in.) of impressed harmonic vibration. Energy absorbed 
A, = (See Equation (7).) D, Hysteresis Ratio - . 
W Energy restored 
(a) A = ri When amplitude of impressed frequency is constant and 
: "= F;; 
188 \2 1 
(b) = (— a) 2D = see 
F Ao/A; 
A, l ' he l 
oC — = en (Reference 21) —_ = 


“ yfi- (BT +02 F) a a 
0 


When D = (Reference 21 


A, 9 1, k (6) Transmission of Vibration: 
(d) A. ~ 00000284 F?W —S see ioe 7 T = Transmissibility (Reference 23 The ratio of 
9 : — os : sits 4x2 n2 a force transmitted to the fixed mounting of the 
q elastic element to that impressed upon the load 
(Reference 22 (For systems where harmonic vibrations originate 


within or upon the load such as occur with motor 


(2) Load: mounts and dynamic oscillators. 
W = Load (lb) to cause deformation A. = The ratio of force transmitted to the load to that 
W, = Specific weight (ib per cu in. impressed upon the mounting For systems 
(a) W = SA where harmonic vibrations are impressed upon 
35,300S the mounting such as seat cushions. 
(b) = “F2 p Transmitted force 


‘ or Im yressed force 
(3) Stiffness: I 


S = Stiffness (Ib load per in. deformation) (To use ] ry Ns 
; correction factors of Figs. 3 and 4 applying to ii (2p P ) 
values indicated in Figs. 1 and 2, reduce stiffness a) T = \ oil bint Sl 
to S,, that is, to unit values of area and length). FY? ; F, \? 
snd 7 - : ‘ ‘ = 9/2) 
S, = Unit stiffness (lb load/in. deformation/in. area (1 F? ) r (2 } ) 
in. length). ’ 
in. le § When D = 0 
v 7 
la)S = < b) 7 - above resonance 
4 I , 
Fr? w mate to? F2 Vi - | 
(b) _ Equivalent to 
35,300 g 
r ‘ t ‘a ~- 
S,X Loaded Area Sec € Reference 25 
c) = - ——— wD - 
Effective Length l ( ) 
uw 
(4) Frequency: 1 
F = Natural frequency (cycles per min undamped c 7 ae below resonance. 
sine) of loaded elastic system. Bical ( ) 
= Frequency occurring near maximum deformation - ; a fF 
\ caused by impressed vibration, that is, frequency ‘ Dynamic Oscillators: 
at resonance. (Values computed from (4a) and (4b) For determining effect of dynamic oscillators let 
decrease (Reference 21) with damping. For de- A, = The equilibrium deflection which would be caused 
sign purposes this may be neglected for values oJ by the maximum of the impressed sine force if it 
D less than 0.25). were acting statically. 
F, = Frequency (cycles per min) of impressed har- Ay I 
monic vibration. A F2\? PF. 
. ») 
acta i a) + (2p “) 
(a) F = ISSy \ F? I 
W é a l 
LSS sec 
— S ve = 
(b) = —— ; V(1—R + (2 dR)? 
VA Reference 26 
ss . : (as é ic ] : 
1 See ‘‘Mechanical Vibrations,” by den Hartog, McGraw-Hill Book } Harmonic Motion: F ante 
Cy. 1934. Ac = Acceleration, maximum (gravity units 32.2 
22 See Electrical Engineering, Vol. 56, June, 1937, pp. 735-738: ft /sec /sec 
“Vibration Isolation of Machinery,” by L. H. Hansel 1, (F 
“3 See The Electric Journal, January, February, April, and August, {maz — Res . 
1924: “The Vibration Problem in Engineering,’”’ by Soderberg x 35.273 
*4 See SAE Transactions, May, 1939, pp. 185-192: “Dynamic Suspen , 


sion— A Method of Aircraft-Engine Mounting,” by K. A. Browne 9) Sound Vibrations: 
25> See AIEE Transactions, Vol. 50, September, 1931, pp. 1063-1068 V 

“Elastic Supports for Isolating Rotating Machinery,” by E. H. Hull 

and W. C. Stewart. 


Velocity (n/min 


: * S, 

26 See Product Engineering, December, 1938, pp. 479-480: ‘‘Forced (a) J 1179 — See (V = VE/d Reference 27 
vr. a . ° — a x meee = J, ferel ; 
Vibrations and Resonant Frequencies in Machinery,’”’ by H. O. Fuchs \ W, . vteferenc . 

* See “Mechanical Engineers Handbook,” by Lionel S. Marks, p ‘ . . + . ‘ , 

2125, Third Edition, McGraw-Hill Book Co., 1930 (b) For air FE = adiabatic volume elasticity. 
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1941 CAR DESIGN TRENDS 


by THOMAS A. BISSELL 


Technical Editor, SAE Journal 


N unusual number of innovations are teatured in_ the 
A 1g41 passenger cars. 

Outstanding among those designed to make the cars still 
easier to operate are Chrysler's new automatic four-speed 
transmission for use with fluid drive, Packard’s new semi 
automatic clutch, and the power-operated window lifts 
found on three luxury cars. This new transmission and 
automatic clutch, plus a wider application of the fluid 
Hywheel and Oldsmobile Hydra-Matic drive, indicate a 
trend toward less and less gearshifting and clutch opera 
tion on more and more cars. To ease the work of shifting 
on all cars in its line that still have to be shifted frequently, 
Chrysler now offers vacuum shift. 

Compression ratios continue to increase to help the en 
gines carry their heavier bodies. Although it would be a 
fine thing if this trend could continue indefinitely, many 
engineers are of the opinion that these ratios are now very 
close to a limit dictated by mechanical and production 


considerations — not by tuels. In 


ts “compound carbure 
tion, Buick has hooked up two dual carburetors in a way 
that produces both greater power and greater economy. A 
new type of bearing with a very thin lining that can stand 
up much longer under modern speeds, temperatures, and 
pressures, appears for the first time in a majority of engines 
this year. 

Once more bodies are longer, wider, lower and heavier. 
Requiren -nts for road and axle clearances and a tendency 
to hold to present conventional wheel treads are limits that 
seem to be slowing up the trend toward lower and wider 
bodies. A compromise solution seems to have been reached 
by some makers on the with-or-without-running-board 
problem in the concealed running boards or “steps” which 
appear for the first time on a number of models this year. 
Che evidence is overwhelming that the exposed running 
board, in the form that we knew it for many years, will 
soon disappear. Hood locks and direction signals appear 
on a larger number of cars than previously. A satety fea 
ture is Chrysler's new rim which is designed to keep the 
tires on their rims after a blowout. 


General 


The Nash Ambassador 600, latest entry into the low 
price field and the only completely new car of rg41, fea 
tures a unit frame and body, a front and rear suspension 


[This paper was presented at the Philadelph Section Meeting of tl 
Societv, Philadelphia, Pa Oct. 16, 1940.] 
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that depart definitely trom conventional American design, 
and a new 75-hp 6-cyl L-head engine. Its wheelbase is 
112 in.; shipping weight of the four-door sedan is 2559 |b; 
and it is wider and lower than any previous Nash car. 
Using the same unit frame and body minus the front 
extension mounted on a sub-frame, the Nash Ambassador 
6 and 8 weigh less by 35 and 260 |b, respectively. To use 
the same 121-in. wheelbase chassis tor both Ambassador 6 
and Ambassador 8, the wheelbase of the Ambassador 8 has 
been reduced 4 in. from last year’s figure. 

Two models make up Chevrolet’s 1941 line, the Master 
Deluxe and the Special Deluxe. The 1940 Master 85 Series 
is omitted. At 116 in., wheelbase has been increased 3 in. 
over 1940. Much of this increase is used in placing the 
rear seat 2'4 in. farther ahead of the rear axle. The reat 
‘eats are also lower. A larger torpedo-type body is used. 
The Special Deluxe 4-door sedan has a shipping weight ot 
3140 lb. 

Wheelbase ot the Ford S85 has been increased 2 in. to 
114 1n.; that of the Ford Mercury also 2 in. to 118 in. The 
Ford 60 has been discontinued. The Lincoln line has been 
extended to include three models: the Lincoln-Zephyr and 
Lincoln-Continental with a wheelbase, and_ the 
Lincoln-Custom with a 138-in. wheelbase. The Lincoln 


Continental line comprises the cabriolet introduced last 


125-1n. 


year plus a new six-passenger coupe. The Lincoln-Custom 
wheelbase 1s about 114 in. longer than the shorter-wheel 
base 1gg0 Lincoln V-12. All three have unit-frame-and 
body construction, use the same engine, and have a definite 
taumily resemblance. 

Three Plymouth models are announced tor 1941 
Plymouth, Plymouth Deluxe, and the Special Deluxe. The 
name “Roadking” has been dropped. At 121% in., wheel 
base of the Chrysler Royal and DeSoto has been decreased 
( in., as has that of Chrysler's 8-cyl New Yorker now 


specified at 127% 1n. 
l 


Dodge, DeSoto, and Chrysler bodies 
are 1 in lower, permitted by redesign of the frames. 

Willys announces a single line of passenger cars this 
year, newly named the “Americar.” Its wheelbase of 104 
in. is 2 in. longer than last year’s Willys 440. The shipping 
weight of the four-door sedan is specified at 2370 lb, 115 Ib 
more than last year’s Willys 440. 

\ll Studebakers have longer, lower, and wider bodies. 
Largely for this reason the 1941 Champion four-door sedan 
has a shipping weight of 2450 lb, 60 more than its prede 
cessor. The front floor of the Champion has been lowered 
1>s 1n., and the rear seats have been moved farther forward 
of the rear axle to improve ride. Wheelbases of both Com 
manders and Presidents have been increased 2'4 in., the 


1941 figures being 119 in. and 124% in., respectively. The 


floors of these two models are 27% in. lower. 


Buick announces five series for 1941 — the 40, 50, 60, 70 


/ 


and go. The 80 is not mentioned. Wheelbases of all except 
the oo, which is 139 in., are the same as last year. Bodies, 
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however, have been lowered from % to 2% in., the Buick 
90 being lowered the most. 

Packard offers a 110 Special and 110 Deluxe with the 
same wheelbase as last year. The 120, 160, and 180 also 
have the same wheelbases although the bodies and hoods 
are longer and lower. 

Shipping weight of the four-door Packard 110 touring 
sedan is 3250 lb, 50 lb more than last year. 

Oldsmobile’s three lines for 1941 are called the Special 
Series, Dynamic Cruiser and Custom Cruiser. The chassis 
of all Oldsmobile models have been provided with the 
interchangeability necessary to use either the Oldsmobile 
6-cyl or 8-cyl engine. All wheelbases are higher. That of 
the Special Series is 119 in., 3 in. more than last year’s 60; 
that of the Dynamic Cruiser at 125 in. is 5 in. greater than 
last year’s 70; at 125 in. the Custom Cruiser is 1 in. more 
than last year’s go. 

Pontiac also offers a 6-cyl or 8-cyl engine on any model. 
The Pontiac Deluxe Torpedo has a 119-in. wheelbase 2 in. 
longer than last year’s Special 6. The Pontiac Streamliner 
Torpedo’s wheelbase is 122 in., 2 in. greater than last year’s 
Deluxe 6 or Deluxe 8. The Pontiac Custom Torpedo has 
the same wheelbase of 122 in. as last year’s Torpedo 8. 
The rear seat of the Deluxe Torpedo body has been moved 
3 in. farther ahead of the rear axle. All Pontiac bodies 
have been lowered. The Deluxe Torpedo and Streamliner 
Torpedo are 2% in. lower at the front step than last year’s 
Special 6, and Deluxe, respectively. 

Cadillac presents six lines of passenger cars all of which 
use the same V-8 engine, have the same front-end styling, 
and are of different wheelbase than last year’s line. The 
series 61, 62, 63, and 60S have a 126-in. wheelbase. The 
new series 67 has a 139-in. wheelbase and the series 75 has 
a 136-in. wheelbase. The LaSalle line and the V-16 engine 
have been discontinued. 

Hudson has named its three 1941 lines, the Hudson 6, 
the Hudson Super 6, and the Hudson Commodore 6 and 8. 
The Hudson 6 wheelbase of 116 in. is 3 in. longer than the 
1940 Hudson 6, and the 121-in. wheelbase of the Hudson 
Super 6 is also 3 in. higher than its predecessor. The 
Hudson Commodore 6 comes on a 121-in. wheelbase, and 
the Commodore 8 is available on either a 121 or 128-in. 
wheelbase. 


Engines 


Most 1941 passenger-car engines have been stepped up 
in power to accommodate the heavier cars that they must 
power and/or to provide greater acceleration. Many and 
diverse are the means used to boost the output of these 
engines. The method of increasing compression ratios to 
handle the better fuels of today has been applied more 
generally than ever before and the increase in ratios seems 
to be sharper. New camshafts, carburetors, carburetion 
systems, increased bore or stroke, redesign of combustion 
chambers including pistons, and decreasing the back pres 
sure of the exhaust system, are among the methods used. 

Innovations in the engine field for 1941 include an 
entirely new 6-cyl 75-hp L-head engine for the new Nash 
Ambassador 600 and a new type of main and connecting- 
rod bearing that has very thin lining and greatly increased 
life. Production of a number of engines has been discon- 
tinued, namely, the LaSalle V-8 engine, the Cadillac V-16 
engine, the Lincoln V-12 engine, and the Ford V-8 60 
engine. 
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The new 6-cyl L-head engine used in the Nash Ambas 
sador 600 is rated at 75 hp at 3600 rpm. Bore and stroke 
are 34% in. x 3% in., giving a displacement of 172.6 cu in. 
Compression ratio is 6.7:1. It features an inlet manifold 
cast within the head, four-point rubber mountings, steel 
strut aluminum-alloy pistons, full-pressure lubrication, 
crankcase ventilation, full-length water jacketing, mechan 
ical and vacuum spark control, and crankshaft vibration 
damper. Pistons have three rings, and the crankshaft has 
four main bearings. The crankshaft and flywheel assembly 
is balanced dynamically in a machine employing radio 
tubes, claimed to be new to the automobile industry. 

The compression ratios of the Nash 6 and Nash 8 en 
gines have been increased to 6.3:1 from 6.0:1. In the 
redesign of the cylinder heads of these two engines, wate1 
passages were re-arranged to provide improved exhaust 
valve cooling. These engines now have four-point engine 
mountings instead of the three-point type used heretofore 
On the 6 alone the valve timing has been altered, and the 
crankshaft assembly is balanced on the new “radio” dy 
namic balancing machine. 

A higher-lift camshaft is chiefly responsible for the 3-hp 
increase in the Plymouth engine. This engine is now rated 
at 87 hp at 3800 rpm. Changes in manifolding are also 
reported to have contributed to the power increase. 

New types of main and/or connecting-rod bearings ap 
pear for the first time on a majority of 1941 cars. These 
new bearings feature an extremely thin babbitt lining 
(about 0.003 in.— which is many times thinner than for 
merly). An increase in fatigue life and consequently, in 
bearing life as high as 500% is claimed for the new bear 
ings. A special porous matrix is used to bond the lining 
to the backing. These bearings are the result of consider 
able development work undertaken to devise a bearing to 
withstand the extreme operating conditions of high com 
pression ratios, increased output, higher crankshaft speeds, 
and greater piston pressures. The design principles parallel 
those used on aircraft bearings. They satisfy the basic 
requirements of providing a porous matrix which would 
be bonded firmly to the steel backing and to provide a 
corrosion-resistant bearing material which would impreg 
nate the “spongy” matrix, thus developing a strong bond, 
both metallurgical and mechanical in nature. 

Horsepower increases are announced for all three Stude 
baker engines. The Champion 1941 6-cyl engine now 
delivers 80 hp at 4000 rpm instead of last year’s 78 hp at 
the same speed, the increase being due mostly to a ¥ in 
increase in stroke to 4 in., the bore remaining the same at 
3 in. Piston displacement is raised to 169.6 cu in. The 
1941 6-cyl Studebaker Commander is rated at 94 maximum 
hp at 3600 rpm instead of go hp at 3400 rpm. The maxi 
mum horsepower rating of the 8-cyl Studebaker President 
engine is now 117 at 3800 rpm as compared with 1940's 
110 hp at 3600 rpm. Standard compression ratios of both 
Commander and President engines have been stepped up 
trom 6.00:1 to 6.5:1. 

Compression ratios of the DeSoto and Chrysler 6 engines 
have been increased from 6.5:1 to 6.8:1; the DeSoto output 
has been stepped up 5 hp to ro5 hp at 3600 rpm; at 112 hp 
at 3600 rpm the output of the Chrysler 6 engine is 4 hp 
higher than last year. The Dodge 6-cyl engine is now rated 
at gt hp at 3800 rpm instead of last year’s 87 hp at 3600 
rpm. Compression ratio remains the same at 6.5:1. 
Chrysler 8’s are rated slightly higher — 137 and 140 hp at 
3400 rpm; compression ratio is unchanged at 6.8:1. Gaskets 
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a The comparison between the 1940 and 1941 Buick cylinder assem- 
blies shows the changes made in the piston and combustion chamber 





and seals ot lignin neoprene are introduced in engines 
made by Chrysler. 

Three developments have contributed to sharp horse 
power increases in Buick engines — increased compression 
ratios, redesign of combustion chambers, and “compound 
carburetion.” The Buick 40 engine now develops 115 hp 
at 3500 rpm or 8 hp more than in 1940 with conventional 
carburetion. It now has a compression ratio of 6.5:1 as 
compared with 6.1:1 last year. With compound carbure 
tion (standard on the Buick 50) and a further increase in 
compression ratio to 7:1, the Buick 4o and 50 engine devel 
ops 125 hp at 3800 rpm. With compound carburetion as 
standard and an increase in compression ratio from 6.25:1 
to 7:1 the Buick 60, 70, and go engine shows an increase 
of 24 hp—141 to 165 at 3800 rpm. Premium-grade gaso 
line is specified for use with compound carburetion. Gas 
kets on Buick engines using compound carburetion consist 
of a single thickness of 0.15 in. steel, coated with special 
lacquer on both sides. 

New full-length side pans are used in 1941 Buicks to 
protect the engine compartment from ice, mud and slush. 
These pans are fastened to the frame only to prevent en 
gine vibration from being transferred from them into the 
body and they extend on both sides of the engine for the 
full length. A new outer side pan is used on all Buicks 
at the left of the pedals. 

Compression ratio of the Oldsmobile 8 has been raised 

from 6.2:1 to 6.3:1. The bore of the 6-cyl Oldsmobile 
engine has been increased 1/16 in., making it 34 in. and 
the displacement 238 cu in. As a result, the maximum 
horsepower of the 6-cyl engine is stepped up to 100 at 3400 
rpm, 5 more than last year. 

The bore of the Pontiac 6 engine has been increased 
'g in., making the displacement 239 cu in. Rated at go 
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hp 3200 rpm, the output has been stepped up 3 hp from 
last year, compression ratio remaining the same. The 
Pontiac 8 engine supplied on all models using an 8-cyl 
engine delivers 103 hp at 3500 rpm. Dual carburetors are 
Last year’s De Luxe 8 with 
single carburetion delivered 100 hp at 3600 rpm. 

Pontiac 8-cyl engine cylinder heads have been redesigned 
to improve the relation between the spark plugs and valves. 
Bearing caps have been made thicker on the Pontiac 8-cy] 
engine. 


used on all 8-cyl engines. 


Six and 8-cyl engines have been made interchangeable 
on all Pontiac and Oldsmobile chassis. This is accom 
plished by fixing the rear anchorage of both 6 and 8 en 
gines at the same point so that the same transmission, 
propeller shaft, and running gear can be used. 

Power output of the Chevrolet 6-cyl engine has been 
increased primarily by redesigning the combustion cham 
ber and piston, and by a resultant compression-ratio in 
crease. The engine is now rated at go hp, 5 hp greater 
than its 1940 rating. Compression ratio is now 6.5:1 as 
compared with 6.25:1 last year. 

Redesign of the combustion chamber has been accom 
plished by lowering the roof around the intake valve seat 
to the face of the cylinder head. The lowered roof section 
is machined flush with the face. The valve seat is also 
lower and, to allow for the thickness of the valve head, 
it is set in a shallow recess in the roof. When the piston 
is at the top of its stroke, the distance from that to the 
lower roof area is only the thickness of the head gasket. 
This restricted volume is claimed to increase the turbulence 
under compression which permits operation on a leaner 
mixture. It is also said to quench the flame over the last 
third of its travel, thus eliminating one of the major causes 
of detonation. 

Compression ratio of the 12-cyl V-type engine which 
powers the entire Lincoln line has been stepped up to 
7.00:1. It now delivers 120 hp at 3600 rpm. 1940 com- 
pression ratios were 6.70:1 for the Lincoln-Zephyr and 
6.38:1 for the Lincoln V-12. 

The 4-cyl engine of the Willys Americar is now rated at 
63 hp at 3800 to 4000 rpm as compared with 61 hp at 3600 
rpm in 1940. This increase is due mostly to provision for 
better breathing, which includes a larger carburetor and 
intake manifold and a decrease in the back pressure of 
the exhaust system. 

Compression ratio of the Cadillac V-8 engine has been 
stepped up to 7.25:1 from 6.70:1. Premium-grade fuel is 
specified for use with the new high-compression cylinder 
head. The Cadillac engine is now rated at 150 hp at 3400 
rpm as compared with its 1940 ratings of 135 and 140 hp 
at 3400 rpm with 6.25:1 and 6.70:1 compression ratios, 
respectively. 

Compression ratio of the Hudson 6-cyl L-head engine 
has been boosted from 7.00:1 to 7.25:1. 


Cylinders 
and Valves 


A number of detailed but very important design changes 
have been made in the cylinders and valves of 1941 pas 
senger cars. 

A higher lift camshaft design on the 1941 Plymouth 
engine contributes substantially to its 3-hp increase over 
the 1940 Plymouth powerplant. 








The valve timing on the Nash 6-cyl 105-hp engine has 
been altered slightly. The intake valve now opens at 24 
deg 18 min 42 sec BTDC and closes 70 deg sec 
ABDC; the exhaust valve opens 49 deg 
BBDC and closes 5 deg 5 min and 36 sec 


8 min r& 
42 


3 
22 min 
ATDC. 
Exhaust valve 
stems and heads are now made from austenitic steel to 
resist corrosion. 


sec 
Packard intake valves are larger for 1941. 


In all Packard engines the floor of the 
exhaust port has been raised to make a streamlined pas 
sage for the burning exhaust gases and also to improve 
cooling around the top of the exhaust-valve guide. The 
hydraulic valve lifters on the Packard 160 and 180 engine 
have an improved steel body. 

Oldsmobile’s new cylinder heads have a groove extend 
ing down the top of the head through the spark-plug in 
dentations to drain off water which might short-circuit the 
plugs. 

Due to the lower position of the Chevrolet intake valve 
head, a longer stand is required for the intake valve. This 
valve also is changed above the valve spring to provide a 
cap-type cover on its spring. Chevrolet rocker arms also 
have been redesigned with an offset to meet the new valve 


positions. Made of a specially semi-cast steel, it has been 
possible to eliminate the bronze bushings; instead the arms 
are diamond-bored to operate directly on the shaft. 

To permit independent replacement, the camshaft gear 
on the 1941 Ford and Mercury is bolted on to the cam 
shaft instead of being an integral part as last year. It can 


be replaced by removing the radiator and the gear case 
cover. On the 1941 Ford and Mercury valve stem faces 
in contact with the valve guides are hardened to insure 
maintenance of normal clearance for a longer period. 

The lifter unit of the Cadillac hydraulic valve lifters, 
formerly made of cast iron, is now of case-hardened steel. 
A closer tolerance is provided between the lifter unit and 
the body. The lifter unit has been redesigned and the oil 
bleeder hole in the body has been relocated to permit a 
greater volume of oil to remain in the reservoir when the 
engine is at rest. 

The Cadillac sprockets and timing chain have been re 
designed for increased sprocket tooth durability and the 
former forged camshaft is replaced with a cast camshaft. 
Cadillac employs a special heat-resistant and score-resistant 
bearing material for its 1941 exhaust-valve stems. 

For quiet operation and longer life Hudson has adopted 
a new type of cam gear teeth. 


Pistons and Rings 


As part of a complete redesign of combustion chambers, 
the profiles of several pistons have been sharply modified. 
Other changes in pistons and rings are more detailed in 
nature. 

Buick pistons have been modified. The raised top sur 
face of the dome is now hollowed out near the center to 
form, with the cylinder-head, a modified spherical-shaped 
combustion chamber. On the side of the combustion 
chamber opposite the spark plug, the chamber is thinned 
out to present a large surface area with a comparatively 
small volume, to form an anti-detonation chamber. The 
T-slot has been eliminated and a transverse slot used in 
stead. Pistons are now full-skirted. 


Buick connecting 
rods now have double-ribbed caps. 
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To permit the lowered roof design ot the Chevrolet 
combustion chamber, the dome-top piston is replaced by a 
Hat-top piston. The thickness of the top is increased 0.019 


walls 
th 
tn 


in. to provide the same rigidity as in 1940, and the 
back of the rings are modified to provide greater streng 
10 


in 1Q4 
Plymouth’s pistons are tin-plated this year; top com 


Otherwise the piston design is the same as 


pression rings are 3/32 in. wide, 1 in. narrower than 


>? 
5s- 


last year. Bottom oil rings are of taper design. 


Pontiac piston pins have been redesigned with the slot 
at the side rather than at the bottom, to provide greater 


strength. Ve im. increase in diameter of 


In spite of the 
the Pontiac 6-cyl piston, weight remains the same becaus 


of design modifications. Tension ot the rings on this pis 


ton has been increased slightly. 
Aluminum-bronze piston-pin bushings replace those ot 


bronze on all Pontiacs to provide greater corrosion re 


sistance. Selt-locking piston-pin screws are now used by 


Pontiac instead of screws that were locked in place with 


a jam nut. 


A new method of finishing the wrist-pin holes has been 


employed in Cadillac rg41 pistons. After the hole has 
been diamond-bored to size and anodized, it is subjected 
to a process known as “bearingizing.” The aluminum 


oxide formed by the anodizing process is smoothed into 
the wall by the action of a many toothed cam. This process 
is said to lengthen the life of the anodizing ind to vive a 


mirror-hnish. 


Crankshafts 
and Ventilation 


A new type of crankshaft dynamic balancing n 


ichih 


Crankshatts 


1 


is an interesting development in this tield. 
themselves have been made heavier 11 


1 several instances 
The crankshaft of the new 6-cyl engine tor the Nash 
Ambassador 600 has four main bearing journals. Bot! 
this crankshatt and the crankshatt tor the seven-main 


bearing Nash 6 engine are balanced dynamically with the 
flywheel, clutch, belt pulley, and vibration damper in a 
l 


machine provided with electrical control said to be new 


to the automobile industry. This assembly 


hal 
balancing 
done to eliminate any accumulation of balancing errors 


the individual parts and errors in balance due to th 


of one part with another. 


With this machine it 1s possible to measure, correct, and 


Inspect 25 automotive crankshatt assemblies per hr to at 


Th 
1 balancing ma 


interloc ked ¢ lec 


accuracy of 0.2 oz-in. in each end of the assembly. 
machine consists essentially of two units 
chine and a drilling machine — which are 
trically so that measurements of unbalance observed on the 
balancing unit are transferred by electrical means to cams 
in the correction drilling spindles which determine the 
depth of correction hole required to remove the unbalance 
Plymouth crankshafts have larger fillets at the 
crank bearing journals. 
the Buick 
increased to correspond with the increase in engine power 
The key holding the balancer to the crankshaft is made a 


tighter ht than previously to eliminate engine bump du 


mam and 


The inertia ol balancer has pecn 


harmon 


to looseness in the keyway. 


To improve engine ventilation Buicks are provide 


d with 
a new spark-plug cover having louvers at the front and 
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rear. Buick push-rod covers have been redesigned to 
eliminate leaks around the cover. At the edges, the flange 
is turned in to make direct contact against the gasket, and 
the ribs at the push-rod cover stud holes are now vertical 
instead of criss-cross to make it possible to draw up the 
push-rod cover nuts ughter without buckling the cover. 
Crankshaft of the Oldsmobile 6-cyl engine has been 


made slightly heavier so that it now can use the same 


dynamic balancer as does the Oldsmobile 8 engine. The 
thickness of each cheek and kidney of the crankshaft has 
been increased approximately ' in. 


Lubrication 


Emphasis in engine lubrication tor 1941 1s placed on 


better filtering and cleaning of the oil. A new type of oil 
cleaner teatures these developments. 

Pontiac has made a new precipitationtype oil cleaner 
standard equipment on all engines. It is a full-flow type 
The new oil cleaner 1s 
located at the inlet to the oil line in the crankcase where 
all oil must pass on its way to the bearings and working 
parts. 


built into the engine crankcase. 


\ settling chamber built around the inlet to the 
oil system in the crankcase, a rounded chamber at the top 
of the inlet tube, and a flat baffle reverse the flow of the 
oil and cause the dirt particles to be thrown out and into 
the settling chamber. Oil below the flat baffle does not 
again enter the oil stream. It 1s claimed that the filter 
removes MICrOSCOPpIC particles ot grit and that the settling 
chamber is big enough so that emptying it should never b« 
necessary. All oil pumped to the bearings passes first 
through the screen which excludes any large particles of 
dirt. The oil then enters the inlet plate and flows around 
the passages indicated in the sketch. This process reverses 
the direction of the flow and causes the oil to strike the flat 
baffle where the direction of the flow is again reversed 


sharply. At this point dirt particles are thrown out of the 








m Pontiac precipitation-type oil cleaner, standard on all models, is 
of the full-flow type 
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oil stream into the settling chamber where they gradually 
settle or precipitate until they rest on the bottom of the 
basin. After reversing its direction as it strikes the bafile, 
the oil is sucked into the oil-pump inlet tube connected to 
the die-cast cleaner cover and from thence it passes through 
the pump and on into the engine bearings. 

The pressure control of all Pontiac oil pumps is now 1n 
corporated in the pump body. It comprises a 4% 1n. clear 
ance chamber above the oil-pump driven gear which is 
closed by a close-fitting steel disc resting directly on the 
gear. Pressure between the gear and disc is maintained 
by two small coil springs. As soon as pump pressure ex 
ceeds normal, it lifts the disc against its spring pressure 
and permits oil from the pressure side to leak back against 
the top of the driven gear to the suction chamber. Formerly 
the oil-pressure controlling mechanism was located in the 
oil pump cover 

The Plymouth oil intake is swiveled on a crank arm 
so that the screen floats on the surface of the oil in the 
crankcase. 

A rotary type of oil pump employing Super-oilite inner 
and outer rotors has been adopted on cars bearing the 
Chrysler name. 


The Buick floating oil pump intake is provided with 
a new screen designed to reduce the possibility of plugging 
from needle ice. A new steel cover is used on the oil 
pump so that the cover and oil pump intake die casting 
are now separate. 

Previously the Buick oil filter outlet led to the valve 
overhead mechanism. This necessitated a satety valve 
which functioned if the filter was in a condition requiring 
over 20 lb per sq in. to force oil through the filter. Thus, 
if the filter contained sufficient sediment to create this con 
dition, it became ineffective. In the 1941 Buick system th 
hlter outlet returns to the crankcase, and there is no bypass 
valve. This permits the oil to flow through the filter at a 
much higher pressure and maintains its effectiveness over 
a longer period. If the filter becomes inoperative because 
of dirt and sediment, the oil remains in the crankcase and 
does not go to the filter. Therefore, the filter operates 
until it is completely saturated and then ceases to function 
until the filtering element is replaced. 

To improve lubrication of the valve stems, Chevrolet is 
providing each intake valve spring with an umbrella-type 
cover which limits the amount of oil reaching the valve 
spring to only what is required for good lubrication. The 
tops of the exhaust-valve guides are tapered to prevent 
excess oil on the valve stems. Chevrolet has also made 
changes in timing gear lubrication. The angle of the oil 
groove in the front camshaft bearing has been increased 
Thus more oil is 
carried to the top side of the camshaft journal as this has 


to carry more oil to the timing gears. 


practically a constant clearance due to the downward pres 
sure of the tappets on the camshaft. The oil is fed through 
this clearance to the cavity on the rear side of the crankcase 
front plate and thence through the nozzle which is at 


tached to the plate and is tubular in construction. 


Cooling Systems 


A double-outlet water pump, a cross-flow radiator, and 
adoption of pressure cooling by two additional manutac 
turers feature the 1941 cooling developments. 


Changes made in the Chevrolet cooling system include 
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better cooling of exhaust valves in their seats, a double 
outlet water pump, and a new radiator core. In the 
cylinder head, water jackets are extended between com- 
bustion chambers at the two pairs of exhaust valves which 
are adjacent, thus improving cooling conditions of these 
four exhaust valves and their seats. Exhaust ports also 
have been redesigned to increase the cooling of all ex 
haust-valve stems. This is accomplished by flattening the 
ports in such a way that more water-cooling area is pro 
vided around the boss in which the guide is pressed, 
thereby transmitting more heat from the stem through 
the guide to the water. This re-arrangement requires a 
new exhaust valve with the ground portion of the stem 
extending closer to the valve head. The Chevrolet water 
pump has been changed to improve the water circulation 
within the pump housing and to provide two discharge 
passages into the cylinder block. The inlet passage is 
streamlined into the rotor in the same direction of rotation 
as the rotor, so that the water does not have to change 
direction as it did formerly in passing into the rotor blade. 
With two outlets in the pump, water is discharged along 
each side of the cylinders instead of impinging directly on 
the first cylinder wall as it did when the water pump had 
one outlet. The length of the pump is increased '%4 in. to 
permit the new design of the passages in the housing. 

The Chevrolet radiator core now has 5 fins per in. in 
stead of 4, which increases its heat dissipation. The outlet 
casting at the bottom of the core has been revised to im 
prove the connection for the lower radiator hoses to the 
new water-pump housing. 

Due to the longer water pump, the Chevrolet fan and 
radiator are moved forward ‘4 in. to maintain their 1940 
clearance. In order to take them out of the air stream 
trom the grille to the radiator core, Chevrolet’s two signal 
horns are now mounted under the front of the fender 
directly above their former position. A sponge-rubber seal 
is now used under the Chevrolet hood to prevent any ait 
leakage over the top of the radiator. 

The cooling system of the Nash Ambassador 6 and 
Ambassador 8 has been redesigned to include a cross-flow 
radiator and re-arrangement of the water passages in the 
cylinder head to improve exhaust-valve cooling. The sys 
tem is provided with pressure cap set at 7 lb per sq in 
and has a capacity of 17 qt on the 6, and 16 qt on the 8. 

All Buicks have water pumps of larger capacity, th 
increase being greater on the 40 and 50 than on the other 
Buicks. The increased capacity makes possible slower fan 
and water-pump speeds. As a result, new pulley ratios 
have been worked out to maintain the proper speed of the 
fan and generator. On the 40 and 50 Buicks, 20% less 
horsepower is needed to drive the fan and, due to an in 
crease in fan-blade diameter, the air flow through the 
radiator core is undiminished. 


m Cross-sections of 1940 and 

1941 Chevrolet cylinder heads 

show improvement in exhaust 
valve cooling 
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Packard has adopted sealed cooling, using a pressure cay 
set for 44 lb per sq in. on the 110 and 120, and 7 lb per 
sq in. on the 160 and 180. This pressure raises the boiling 
point about 13 and 21 F, respectively. 

Pontiac’s front stone shield has been built in solid trom 
bumper to tront end so that it may act as a bafile to guid 
the air over the bumper area through the front grilles, thus 
preventing it from being sucked under the car. Radiato1 
pressure caps are now used on all Pontiacs and are set tor 
4 lb per sq in. 

Oldsmobile uses channel-shaped radiator supports at 
tached to the radiator baffles and tender filler plates. When 
an 8-cyl engine is used, the radiator core is mounted on 
the forward flange of the radiator support and, when a 
shorter 6-cyl engine is used, the radiator core 1s mounted 
on the rear flange of the channel shaped radiator support 

In making Pontiac chassis interchangeable for use with 
the 6-cyl or 8-cyl engine, the fact that about 5 in. mort 
space existed between the fan and the radiator core whet 
a shorter 6cyl engine was mounted than when an &-cy 
engine was installed posed a problem to Pontiac engineers 
This problem was solved by using with the 6-cyl engine, a 
tan shroud or funnel extending back from the rear face 
of the radiator core until it just enclosed the fan blades 
This arrangement was so successful that an abbreviated 
form of the tan shroud has been adopted on the 8&-cy 
chassis. 

The tan design of the Willys Americar has been mod 
hed. The 1g41 fan has tour backed-off blades designed t 
eliminate hum. 

\ new five-blade fan with a reinforced spider is used 
on the Cadillac 67 and 75. Other Cadillac models 
four-blade fan. 


1S¢ 


Hudson has a new three-point radiator mounting 
which the radiator core is connected to the body by a single 
stay rod 

Fuel-system development for 1g41 cars is highlighted 
by Buick’s “compound carburetion.” ‘This system is stand 


ard equipment on all Buicks except the 40 on which it 

offered as special equipment. It employs two dual cai 
buretors in the same intake manifold arranged as shown 11 
the illustration. The front carburetor is a complete con 
ventional dual unit. The rear carburetor, however, is pro 
vided only with an idling circuit, main circuit, throttle, 
and special auxiliary throttle or damper valve; the starte: 
switch, choke, accelerating pump, and power bypass art 
omitted. The damper valve of the rear carburetor 1s 
hinged so that it is opened automatically by air or mixture 
passage and closed automatically by a counterweight. Th 
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rear carburetor throttle is not directly connected to the 
accelerator but is actuated by a pick-up lever with a delayed 
initial opening so that, when the front carburetor throttle 
is opened about half way, the rear throttle begins to open. 
Thus the rear both by throttle 
position and air passage (speed) in the tollowing way: 


On closed throttle or idling, air passing the front and 


Cal bure« tor 1s cont rolled 


rear carburetors draws gasoline trom the idle systems of 
both carburetors. There is sufficient clearance around the 
flies of the damper valves to permit the idle system of 
the rear carburetor to function with the damper valve or 
auxiliary throttle closed. 

With the throttle partly open, gasoline is fed trom the 
idle systems of both carburetors and the main system of 
the front carburetor. (With the front throttle open as far 
as possible without opening the rear throttle, the car will 
attain a speed of 70 to 75 mph on a level road.) 

For so-called full-throttle operation, usually in high gear, 
operation varies as follows: 


Below 15 mph, the main system of the front carburetos 
is functioning whereas that of the rear carburetor is not 
Jetween and 20 


mph, the carburetor main 


system is functioning and the rear carburetor main system 


15 front 


is just starting to feed gasoline mixture. (The damper 
valve is beginning to open.) 

Between 35 and 40 mph, both carburetor main systems 
are functioning (damper valve wide open). When the 
front carburetor is fully opened, the rear carburetor 1s 
also wide open. 
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FRONT CARBURETOR is a complete assembly. 


REAR CARBURETOR does not hove a starter switch, 
choke, accelerating pump, and power by-pass 
which is unnecessary because power mixture is 
fed through main metering jets on rear carburetor. 


= Arrangement of Buick compound carburetion system 
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Since each ot the 


two dual carburetors used is smallet 
(1 in.) than the single dual carburetor needed for the same 
engine, it is claimed that this system makes possible greater 
tuel economy as well as greater power. The wider flexibil 
ity of this system of compound carburetion is said to satisfy 
the varying fuel mixture requirements ot automobile en 
gines more completely than has been possible heretofor« 
with a single carburetor. Exhaust manifolds are equipped 
with two automatic heat-control valves. Engines equipped 
with compound carburetion require premium-grade fuels 
Intake air for the compound carburetion system is drawn 
through a screen behind the radiator grille through a flex 
ible tube to a large heavy-duty oil-bath air cleaner. This 
air cleaner 1s attached to an air intake manitold which, in 
turn, is secured to the air intake of both carburetors 
Changes have been made in the Buick straight-through 
resonance-type mufflers to prevent snapping and cracking 
and to improve their silencing qualities. These changes 
include new special-shaped inner partitions, new emboss 
ments on the center tube to hold the partitions, rounded 
edges of partitions, improved lining up of partitions at 
assembly, a new method of making the outer shell an in 
termediate tube to secure greater roundness, and an inter 
mediate tube made to closer limits. 


To facilitate lowering 
the body, the 


Suick go muffler is longer and smaller in 
diameter and has a slip joint in the center of the inner 
tube to allow for expansion. 


Capacity of gasoline tanks on Buicks 40, 50, 60 and 70 


ased from 17 to 18 gal, and, on the Buick go, 
gal. 
of the frame to clear the vertical fender 
A vent from the tank to the filler neck 
through which trapped air is vented, has been added. The 
filler neck is now located in the center along the end of 
the tank. Lower supports are new on all Buicks. The 
exible tubing at the front end of the gasoline feed pipe 
line 1s extended for use on the Buick go 

Chevrolet’s new 


has been incre 
from 
at the 


wells in sedans. 


1g to 
left 


21 The tanks are narrower and are located 


side 


fuel tank also has been shortened (by 

g*s in.) tor the same reason; capacity is the same at 16 gal. 
\s protectiosn against vapor lock on the Packard 16: 

ngine a special ‘shield is built around the carburetor to 

divert heat. 

The gasoline filler door is located on the 


on all Packard models 


Oldsmobiles 


engine 


lett rear tender 


use the same square-shaped tuel tank to 


permit the vertical spare tire position; their capacity has 
been increased from 17 to 19 gal. 


Oldsmobile this year has adopted an under-slung exhaust 
manifold. 


lo reduce the 


amount tlow 


of heat to the carburetor 
bowl, Oldsmobile has placed a bakelite insulator between 
the carburetor float bowl casting and the throttle body. 
Because of the larger displacement of the Pontiac 6-cy! 
engine, the size of the intake manifold steel tube riser has 
been increased 'g in. in diameter. All 8-cyl Pontiac 


gines now carry dual carburetors. 


en 


By placing the fuel pump above instead of below the 
camshaft on Pontiac 8's, the pump is located high enough 


to clear the front cross member. This arrangement elimi 


nates the adapter used last year to get the fuel pump high 
enough to clear the front cross member. 


The exhaust heat valve thermostat on all Pontiac engines 
now located at the rear of the 


is exhaust manifold outlet 
instead of at the front where it was previously. 
Pontiac’s mufflers 


have been re-arranged to place the 
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“swish” and “spit” chambers at the tront of the units 
instead of at the rear as in 1940. It is claimed that this 
change increases life because condensation entering the 
new design falls only into the two forward concentric 
chambers, whereas condensation entering the old design 
immediately found its way to the bottom of the outside 
shell. Because the walls of these intermediate chambers 
are closer to the central exhaust tube, their surfaces are 
hotter and tend to evaporate moisture rapidly. 

The lower end of Pontiac’s accelerator rod bellows. is 
now held in place by a lip turned up around the edges ot 
the pedal rod hole in the toe-board instead of piloting the 
lower end of the bellows in the clearance hole in the mat. 
Capacity of Pontiac’s gasoline tank has been increased 1 
gal to 17 gal. 

Throttle bore of Chevrolet’s Carter carburetor is now 
14% in. instead of 1 7/16 in. as last year. The idle tube 
has been redesigned with the orifice placed lower. The 
orifice is now located vertically in the tube. The balance 
passage between the air horn and float chamber has been 
changed to permit freer flow of gasoline vapor from the 
float: chamber. The air horn end of this passage now 
terminates in a tube that is located on the atmospheric 
side of the choke valve. This eliminates the hole in the 
choke valve shaft that was used in 1940 to allow air to 
enter the balance passage when the choke is closed. The 
choke valve is now an angle valve which eliminates the 
retractor spring on the operating lever. A metal metering 
rod hole cover replaces the bakelite type. Silencing cham 
bers of the air cleaner have been revised to make the tuning 
fit the new engine. The mounting clamp is now on the 
left side instead of the rear. 

The outlet pipe and the feed pipe of Chevrolet’s new 
1941 fuel tank have been given a constant downward slant 
toward the lowest part of the tank to eliminate the pos 
sibility of water accumulation. A square-head drain plug 
replaces the slotted type used in 1g4o. It is located in the 
lowest part of the tank. The damper of the Chevrolet fuel 
tank gage unit has been redesigned to maintain a steady 
instrument panel fuel gage pointer. A flat piece of brass 
moving between two cork discs is connected to the float 
arm. A phosphor-bronze flat spring maintains pressure 
between the piece of brass and the cork discs. 

Ford and Mercury carburetors are now made under the 
Ford name. 

The Lincoln accelerator pedal has been moved 1 in. 
closer to the center of the car. 

A 1% in. carburetor is used on the Willys Americar 
replacing the 1% in. size used on the Willys 440 last year. 
A new carburetor silencer is provided that is smoother over 
the whole range. In conjunction, the Willys engine is 
provided with a larger intake manifold with a more et 
fective hot-spot and larger intake ports. The intake mani 
fold is held in three-point suspension. The Willys Ameri 
car exhaust system is now suspended with more flexibl 
mountings to prevent the transmission of noise. The 
muffler also has been redesigned to lower the back pres 
sure and to provide quiet acceleration and deceleration over 
the whole range. The Americar gasoline tank is of 11! 
yal capacity, 1 gal greater than the Willys tank employed 
last year. 

All Cadillacs except the 75 are equipped with a new 
20-gal fuel tank as compared with the 22 and 26'4-gal 
tanks used in 1940. A new baffle serves as a reinforcement 
to the bottom of the tank and to prevent the gasoline from 


splashing. To provide added protection there has been a 
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slight change in the tuel pipe mounting. Formerly, the 
pipe passed trom the fuel tank under the trame and along 
the trame side rail to the front of the car. With the 1941 
arrangement this pipe, upon leaving the fuel tank, passes 
over the frame and along the outside of the side rail; thus 
the frame protects the pipe. 

All Hudson mufflers have been moved tarther towards 
the back of the car. 

Carburetors of Studebaker Champions are equipped 
with automatic choke for the first ime this year. Automa 
tic choke is now offered as special equipment in the Lin 
coln line. Heavy-duty oil-bath type air cleaners and 
silencers are now turnished on Plymouths and DeSotos, 
making them standard on the entire Chrysler line. 


Electrical Systems 


Chevrolet's higher capacity ignition system marks the 
most extensive change in 1941 electrical systems. Several 
manufacturers have gone to smaller spark plugs, and one 
maker has introduced a type with a ridged insulator sleeve. 
Several devices are announced for preventing the overfill 
ing of batteries. Stop lights are now located in the center 
of the rear deck lid, and the use of courtesy lights is 
increasing. 

In Chevrolet’s 1941 higher-capacity ignition system, the 
coil, condenser, and spark plugs are new. A polarity re 
versing switch is added to the system and revisions have 
been made in the distributor and automatic spark advance. 
The new coil has greater output, the voltage at the spark 
plugs being increased 10 to 15%. The coil is hermetically 
sealed. Its waterproof container is filled with transformer 
oil which replaces the wax formerly used as insulating 
material. More effective insulation is provided at the 
secondary terminal of the coil by replacing the composition 
insulator with a large porcelain insulator. A condenser 
of considerably higher capacity is used across the breaker 
points, which produces a higher voltage. The polarity 
reversing switch is installed in the distributor circuit for 
protection of the breaker points. It is mounted on top 
of the starter and is actuated each time the starting motor 
is used to start the engine. Its purpose is to reverse the 
direction of the current flowing through the breaker points. 
When current passes through these points during their 
operation, a transter ol tungsten from one point to the 
other takes place, the direction of the transfer depending 
on the direction of flow of the current. By periodically 
reversing the direction, this transfer likewise 1s changed. 
In addition, the breaker side on the distributor cam lobe 
is made steeper which increases the coil output at low 
speeds. It also increases the operating speed of the breaker 
points which, in turn, minimizes any tendency to arc at 
low engine speeds. The redesigned cam is electrically 
hardened to permit reaming of the hole that supports the 
cam on the shaft and more accurate grinding of the cam 
to maintain uniform timing between the lobes. The breaker 
plate 1s insulated to provide for use of the polarity revers 
ing switch. Spark plugs of the 10 mm size replace the 
i4 mm equipment on Chevrolet engines. The smaller 
plugs are said to stand up better under heavy-duty condi 
tions, to warm up faster after starting the engine, and to 
operate cooler at full speed. The porcelain of the new 
plugs is made of a new material that requires a tempera 
ture at 3200 F to bond it, 600 F higher than was necessary 


in the manufacture of the 1940 porcelain. Obviously, the 
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new porcelain wall stand up under higher operating tem 
peratures. 

To give maximum economy with the new compression 
rao, the amount of the automatic spark advance is de 
creased and the vacuum spark advance is changed from 
17 to 20 deg. 

The porcelain insulator sleeve of the new spark plug 
used in all 1941 Hudsons is ridged to form “petticoats” to 
prevent solid accumulation of grease and dirt and to add 
to the strength and surtace length of the insulator. The 
shape of the insulator sleeve is patterned after the insulators 
on high-tension power lines. 

Buick engines carry 10 mm spark plug; this year instead 
ot the tormer 14-mm size. The change was made to ac 
commodate the higher operating temperatures of the 1941 
combustion chamber. 

Packard 110 and 120 have added vacuum spark advance 
this year. 

Chevrolet and Cadillac 1941 batteries are equipped with 
non-overfill caps which permit only the proper amount of 
water to be added to the battery. 

Batteries are now mounted under the hood in all cars 
made by Chrysler. A novel method is introduced to indi 
cate when the proper amount of water has been added to 
these batteries. The battery is filled until a star-shaped 
opening is covered by the water sufficiently so that it just 
disappears. 

Capacity of Buick and Oldsmobile & batteries has been 
stepped up from 115 to 120 amp-hr; they have a new 
mounting base and hold-on strap. 

Buick generators are provided with a new air scoop to 
improve their cooling. 

The generator support bracket has been shortened 1 in. 
on all Pontiacs 

To guard against tampering, the solenoid of the Hudson 
starter switch is connected in series with the ignition 
switch so that the starting mechanism cannot be operated 
until the ignition switch has been unlocked. 

The starter of the Nash Ambassador 600 is operated by 
the clutch pedal like the rest of the Nash line. 

All 1941 Studebaker Champion bodies will carry two 
tail lights as standard equipment. The stop light on all 
Chrysler products is located in the center of the rear deck 
lid; it also illuminates the rear license plate located just 
above It. 

\ll Buick sedans except the series 4o are equipped with 
new courtesy lights, which illuminate whenever the door 
of their compartment is opened. In the front seat there 
are two of these courtesy lights while the two in the rear 
seats appear in slightly different positions on various body 
models. 

Buick and Pontiac front doors also are provided with 
automatic switches operating the dome light. Only the 
left tront door on the Chevrolet, however, will illuminate 
the dome light when it is opened. 

In addition to the circuit breaker protection provided 
the mayor circuits in Pontiac lighting systems, local pro 
now be given to taillight, dome-light, and 


stop-light circuits, by separate fuses. 


tection will 
With this arrange 
ment, the headlamps will remain lighted should a_ short 
circuit occur in any of these three circuits. 


On the Oldsmobile light switch the rheostat controls for 


the instrument cluster are on the main control switch for 


the dash light only. Push-on type of connectors are used 


it the instrument cluster instead of the binding-post-and 


nut typ 


November, 1940 


Engine Mountings 


The Willys Americar engine is now mounted on rubber 
blocks in such a position that it is free to oscillate about its 
natural center of oscillation and in a sidewise and vertical 
direction, but its movement is restrained in a fore-and-aft 
direction. This type of mounting is said to promote 
smoother engine operation particularly at the lower speeds, 
and the restraining of the fore-and-aft movement is claimed 
to make tor smoother clutch engagement 

All three Nash engines employ tour-point rubber engine 
mountings instead of the three-point type used heretofore. 

Buick now uses a single rear engine support. It is de 
signed to permit fore-and-aft movement of the engine 
when under load and, due to its position, to decrease trans 
fer of torque and vibration to the frame and body. The 
new rear mounting is located on the centerline of the 
engine directly under the point where the transmission case 
is bolted to the flywheel housing. The mounting is bolted 
to the transmission case and to the frame cross member. 

In addition to the three engine mountings used in the 
Packard 110 and 120, the 160 and 180 engine also has two 
more control cushions located on each side of the front. 


Clutches 


Packard has introduced a new automatic clutch, called 
“Electromatic,” and Hudson, having further refined its 
vacuum-operated clutch, is laying new emphasis on the 
device with the name “Vacumotive” drive. 

The Packard “Electromatic” clutch is offered as special 
equipment on all Packard 1941 models. This device makes 
the use of the clutch pedal unnecessary for all normal driv 
ing conditions. Use of the clutch pedal is recommended 
only for starting in cold weather or for employing second 
gear as a brake when descending steep hills. The clutch is 
engaged or disengaged in accordance with driving require 
ments by a vacuum cylinder ((1) in the accompanying 
illustration). This cylinder is actuated by vacuum from 
the intake manifold and is connected to the clutch-release 
mechanism in a manner which avoids movement of the 
clutch pedal during automatic operation of the clutch. A 
solenoid-operated control valve located in the vacuum line 
makes the unit operative or inoperative at the will of the 








m Packard "Electromatic’ clutch—For normal driving conditions 
the clutch is engaged or disengaged in accordance with driving re- 
quirements by a vacuum cylinder 
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driver, through the medium ot a switch (2), located on the 
instrument board. The engagement or disengagement otf 
the clutch is controlled primarily by the accelerator pedal 
(3). The clutch disengages when the accelerator pedal is 
released and engages when the accelerator pedal is de 
pressed. 

To insure a smooth and accurately timed clutch engage 
ment under all conditions of car speed, throttle opening, 
and engine loads, a clutch control operating valve (4) 
regulates the action of the vacuum cylinder (1). In opera 
tion, with the accelerator pedal released, the gearshift lever 
is moved into the first-speed position which causes the 
first-and-reverse switch (5) to energize the solenoid (6) 
The movement of this solenoid compresses the diaphragm 
spring in the clutch control operating valve to a predeter 
mined value. With this adjustment, as the accelerator 
pedal is depressed, the vacuum in the master cylinder is 
reduced from its maximum to an amount just sufficient 
to balance the clutch spring load at the initial engaging 
point. After the car is accelerated, the accelerator pedal is 
released and the shift made into second gear. This action 
breaks the circuit on the first-and-reverse switch (5) which 
de-energizes the solenoid (6), restoring the diaphragm 
spring to its original adjustment. This adjustment pro 
vides a more rzpid rate of clutch engagement for second 
and high gear in accordance with car speeds. When the 
accelerator pedal is released and the shift made into high 
gear, a governor switch (8) prevents clutch release above 
12 mph except when over-ruled by the direct-speed switch 
(10). This arrangement permits the motor to be employed 
as a brake when decelerating and eliminates free-wheeling 
in high gear until a low car speed has been reached. When 
the accelerator pedal is released, the governor switch (8) 
keeps the direct-speed solenoid (9) de-energized at car 
speeds in excess of 12 mph. This cuts off the master 
cylinder from manifold vacuum and prevents the clutch 
from automatically releasing until car speeds drop below 
12 mph. 

If the shift from high to second gear is desired at a car 
speed in excess of 12 mph, clutch release is provided by 
the switch (10), which is operated by the first portion of 
the gearshift lever movement and over-rules the governor. 

Provisions are made for a soft clutch engagement when 
the accelerator is depressed after shifting from high to 
second, by energizing the second-speed solenoid (11) 
through switch (7) and accelerator switch (12). Energiz 
ing this solenoid opens the throttle sufficiently ahead ot 
clutch engagement to synchronize the speeds of the driving 
and driven members at the time of engagement and thus 
eliminate any tendency to lurch when the clutch is engaged. 

Pontiac has introduced a new method of centering the 
clutch. Four pieces of flat spring steel are blanked out of 
thin sheet stock in a wide, shallow U-shape, each leg of 
the U is riveted at one of four equally-spaced holes in th 
clutch cover flange, thus forming a square symmetrical 
with the clutch gear shaft. Four rivets pass through holes 
drilled in the center of each spring and through lugs 
formed at four equally spaced points on the inside edge 
of the clutch pressure plate ring and hold the plate in 
place. By this means the pressure plate is held concentric 
but is free to move slightly fore-and-aft as the clutch is 
engaged and released. 

Facings of 1941 Pontiac clutch driven plates are cush 
ioned in a new way. The thin wave-shaped flat springs 
used previously have been omitted. In their place the 
portion of the steel disc underneath the clutch facings has 
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been blanked into seven equally spaced shallow T-shaped 
sectors, each one of which is wave-shaped when viewed 
from its outside edge. To the front tace is riveted the 
front lining at the convex crest of each wave formatio 
while the rear lacing is riveted to the centers of the concave 
portions of each wave. 

Pontiac has also added a clutch pedal booster spring 

The Chevrolet clutch gear bearing retainer has a thicke: 
Hange to strengthen it. Shifter yokes are now granodized 
The clock spring cushions of the Chevrolet clutch hav« 
been revised to improve engagement characteristics. Their 
thickness is increased slightly; the width at the neck als 
is increased. To give the proper pressure plate movement 
in combination with the deeper cushion driven plate, the 
linkage ratio has been changed by shortening the releas« 
yoke offset rod. The pedal link has been made longer 
due to the change of location of the pedals with reterenc« 
to the engine. 

A 15% reduction in clutch pedal pressure 
22 |b This re 


duction has been achieved by changing the position of the 


Irom 20 to 
is registered for the Ford and Mercury. 


clutch-pedal retracting spring so that the force which it 
exerts to pull the pedal back becomes diminished as_ the 
pedal is pressed down. 

The Ford-Mercury clutch has a diameter of 10 in. tor 
1941 instead of g in. as before. 

The Lincoln clutch pedal has been moved 1 1n. closet 
to the center of the car. 

The clutch of the Willys Americar is provided with an 
Atwood hydraulic clutch plate which employs tour hydrau 
lic shock absorbers and springs. 
that, 


The arrangement is such 
as the amount of deflection increases, the damping 

This plate was adopted to quiet operation of 
The Willys clutch throw-off mechanism has beet 


made more rigid. 


Increases. 
the car. 

Detailed design modifications have been made in the 
Cadillac clutch. 


replace the pin-and-socket bearings formerly used at th 


Three additional needle bearings now 


clutch release levers. Antifriction washers have been adde: 


on the driving side of the clutch release lever. 
Hudson clutch pedal mechanism has been redesigned t 


In the new 


decrease the effort of operation. irrangement 


, ' } 1 
the pedal 1S permitted to rest 1 in. closer to the floor D\ 


1 


reason oO! sotter springs in the clutch and use ot a large: 


diameter pedal spring 

Due to the greatly increased power ol the large! Buick 
engine, heavier coil springs are used on the clutch for th 
lhe pedal shank on all Buicks has 


All Buick: 


mechanism. This 


Buick 60, 70, and go. 


been lengthened to obtain longer pedal throw 
now use the same type of clutch releas¢ 
mechanism involves a practically new system for the Buick 


go. A new release voke, hardened all over with 


5p Cla 


hardening at the ball stud socket, is used. The release 


equalizer is now assembled with an anti-rattle spring 


against the outer ball stud which 


maintains tension ot 


the equalizer to pre vent rattling. New dirt seals are used 
in the equalizer. 
The starter switch of the Nash Ambassador 600 is oper 


ated by the clutch pedal as it is in the entire Nash line 


Transmissions 


The and spectacular developments i 
the transmission field for 1941 
Chrysler. 


most extensive 


have been contributed by 
In addition to extending the application of its 
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m Cross-section of Chrysler semi-automatic ‘underdrive" 
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transmission, fluid drive and conventional clutch assembly, showing flow of power in four forward speeds 
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fluid drive to all models except the Plymouth, Chrysler has 
introduced a new four-speed semi-automatic transmission 
for use in conjunction with the fluid drive on some of its 
cars; offers vacuum shift for all of its products not using 
the semi-automatic transmission; and has raised the gear 
ratio of second gear in all its conventional transmissions. 

Oldsmobile’s Hydra-Matic transmission which continues 
as special equipment on all models, has added an interlock 
control. 

Ford and Mercury have stepped up first and second gear 
ratios. Detailed changes in gearshifting mechanism have 
been directed toward making shifting still easier. 

In several additional transmissions, the control tube has 
been enclosed in the steering column mast. 

Chrysler's new “underdrive” transmission, when coupled 
with the fluid drive and conventional clutch, is one of the 
outstanding mechanical innovations of the year. It and 
the fluid drive are available as special equipment on all 
DeSoto and Chrysler 6-cyl models. This new device is a 
four-speed forward and two-speed reverse semi-automatic 
transmission. All gears are helical constant-mesh except 
those used for reverse. Instead of the usual four positions, 
the gearshift lever has but three (the usual first-gear posi 
tion is blocked out): “high,” “low,” and “reverse.” Most 
normal driving can be done with the gearshift lever in 
the “high” position —including starting, cruising, and 
stopping — because of the action of the fluid drive and the 
semi-automatic nature of the transmission. 

With the gearshift lever in the high position the trans 
mission can be shifted back and forth from third gear 
(1.55:1) to fourth gear (1:1), in the same manner as the 
shift is made between third speed and overdrive in cars 
so equipped. That is, the car is started in third gear and 
stays there until the driver releases the pressure on th« 
accelerator pedal when the car speed is over 15 to 17 mph. 
At this time the transmission is shifted to fourth gear by 
the action of a vacuum diaphragm unit connected to the 
engine manifold. When a burst of speed or extra power 
is needed, pushing the accelerator past the full-throttle 
position energizes a solenoid which acts to shift the trans 
mission back to third gear by admitting atmospheric pres 
sure behind the diaphragm of the vacuum unit (provided 
that the car speed is below 53 mph). When the car speed 
drops below 13 to 15 mph with the transmission in fourth 
gear, the position of the centrifugal governor causes the 
solenoid to be energized, and the transmission to be shifted 
automatically back to third gear. A lower rear axle gear 
ratio than is used with conventional transmissions 
3.54 OF 3.73:1 
sion. 


either 
is used in conjunction with the transmis 


Use of the low position of the gearshift lever is recom 
mended only for steep hills, mud, sand, gravel, or rough 
terrain. When operating in this range, shifts between first 
and second are made in exactly the same way as are those 
between third and tourth with the gearshift lever in the 
high position. The shift 


when the car speed has reached 8 mph. 


to second gear can be made 


It can be stepped 
down to first again, when the speed is below 27 mph, by 
depressing the accelerator past the tull-throttle position, 


The ratio in first gear 1s 3.07:1; in second gear, 1.98:1. 
The conventional single-plate clutch is used in the usual 
the gearshift lever is 


The transmission is provided with 


way only for reverse and when 
shitted. a free-wheel 
ing unit which is operative only in first and third gears. 

Two 


available — 3.25:1 and 


The second ratio can be obtained when the car 


reverse ratios are 2.30°1. 


is above 
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the governor cut-in speed by momentarily releasing the 
foot from the accelerator pedal. 
wheeis when coasting in the 3.25: 
but not in the second reverse speed. 

The driving unit and housing of the fluid flywheel 1s 
bolted to the engine crankshaft as shown in the illustration, 
and the driven unit is connected to the drive pinion ot 
the “underdrive” transmission through the conventional 


The transmission free 


| ratio reverse speed, 


clutch shown. The drive gear on the countershaft is 
fitted with a free-wheeling unit. The transmission itself 
comprises essentially three sets of constant-mesh helical 


gears, and a reverse set of spur gears. The illustration 
shows the flow of power in each of the forward gear posi 
tions. A synchronizing clutch at the left engages when a 
power shift is made trom first to second, or from third to 
fourth speeds, and disengages to return them. The manual 
synchronizer (at the right) is operated by the gearshift 
to cause the power to flow directly out the tail shaft in 
the high position, or through the low-speed gears in the 
low position. 

The function of the control system is to cause engage 
ment and disengagement of the synchronizing clutch. The 
vacuum unit assembly is mounted on the right side of the 
transmission and contains the “kick-down” 
the ignition interrupter switch. 


solenoid and 
The governor assembly 
(upper right in the illustration), containing the governor 
switch, is mounted on the right side of the transmission 
case. The kick-down switch is prevented from closing 
when the engine is above a certain speed by the action ot 
the carburetor venturi vacuum on a small plunger in th 
switch. 

An emergency lock-out cable is provided tor locking up 
the synchronizing clutch and placing the transmission in 
the non-free-wheeling second or fourth speeds for starting 
the engine by towing the car. 

Chrysler's fluid drive has been extended in application 
to cover the entire Chrysler and DeSoto lines, and _ all 
Dodges except a business coupe and two-door sedan. It is 
offered in a number of arrangements and combinations. 
It has been made standard equipment in conjunction with 
a conventional transmission, clutch, and overdrive on the 
Chrysler Crown Imperial. Fluid drive 1s standard equip 
ment on the Chrysler New Yorker and Chrysler Saratoga 
8-cyl models but overdrive is special equipment on these 
models. Fluid drive is available as special equipment on 
Dodges with conventional transmission and clutch; and, 
on DeSotos and Chrysler 6's, it 1s offered as special equip 


ment in combination with the new “underdrive” 


transmis 
sion and conventional clutch. 

Vacuum shift is announced tor all Chrysler products 
except those employing the “underdrive” transmission. It 
is standard equipment on the Crown Imperial, special on 
all others. are claimed to do 80% of the 
work, and employ a lighter type of gearshift lever than is 


used normally. 


The new units 


Second-speed gear ratios on the conventional transmis 
ions of all Chrysler products have been increased trom 


1.55:1 to 1.83:1, to facilitate use of second gear for normal 


Starting and yet-away, reserving hrst gear tor severe con 
ditions. 
To give faster acceleration Ford and Mercury have 


stepped up their first and second gear ratios; for 1941 low 
ratio will be 3.114:1 and second, 1.773:1; 
2.¢ \t 


$2:1 and 160:1, 
2.62:1. 


» inbeatt | 


1940 Values wer 


respectively. 1.005:1T reverse ratio also 


is higher than last year’s 


Since its introduction a year ago, Oldsmobile’s Hydra 
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= An interlock control, operated by the starter pedal, has been 


added to the Oldsmobile Hydra-Matic drive. When the starter 
pedal is depressed, it automatically moves the hand lever into the 
neutral position 


Matic drive remains virtually unchanged with the excep 
tion of one improvement. To eliminate the possibility of 
the car moving ahead when the engine 1s started, an inter 
lock control 1s provided, operated by the starter pedal, 
which automatically moves the hand lever into the neutral 
position before the engine starts. Hydra-Matic drive is now 
special equipment on all Oldsmobile models. 
lransmissions on Chrysler products have been provided 
with a trunnion-type shift mechanism designed to prevent 


locking in gear and to reduce the effort required to cross 


OVCT, 

The control tube of the Buick transmission is now con 
centric with the steering column mast jacket. The linkage 
to the transmission is new. Moving the shift lever parallel 
to the steering column actuates a flat rod in the steering 


1 
column between the control tube and mast jacket which, 


through proper linkages, selects the gear position desired. 


Having selected the gear position, the up-and-down mov« 


ment of the shift lever at right angles to the steering col 


umn revolves the control tubes concentric with the steering 
column which, through appropriate linkage to the shift 
lever on the transmission, meshes the gear. 


the 


An over-center 


the outside the 


which assists in shifting the 


spring is used on shift lever on ot 


transmission case, years altel 


them into full 


Other detailed Buick changes include a heav:er 


they have started to mesh and helps pull 
mesh. 
clutch gear bearing retainer lock ring, a new hardened 
steel bearing retainer washer on the Buick 40 and 50 and 
heavier low-speed and reverse gear teeth on the Buick 60, 
70 and go. Also on these last three Buicks a shallow groove 
is now ground in the center section of the main shaft be 
tween the splines to prevent strain from localizing in the 
grooves at the inner end of the splines. 

Mechanism for Packard's steering column mounted geat 
shift is now enclosed within the steering column housing 
and is fitted with an over-center type spring to reduce shift 
ing effort. | 

A small scoop has been added on the hub of the second 
the This 
picks up oil and forces it through a hole cut between the 


speed gear ol Pontiac transmission. scoop 


gear hub and shaft, where it forms a continuous oil cush 


ion. This change was designed to remedy any tendency of 


November, 1940 


57 


the second speed year to vibrate on the main shatt when 


the car is in low gear. 


To decrease shifting effort further, the tension of the 


detent spring which controls the shift-rail positions has 


been decreased so that the drag on the shifting lever when 


shifting out of one gear and into another is correspondingly 


lower. 

The main shaft of Chevrolet’s transmission now has 6 
splines instead of 18 as in 1940. The lands between th 
splines are ground for accuracy of centering the second and 
third-speed clutch, the inside of which also is ground for 


the same purpose. 

Due to moving down the Chevrolet vacuum cylinder in 
conjunction with the lower floor, the keyway in the oper 
ating shaft has been rotated slightly to match the changed 
the Chevrolet 
speedometer drive gear has been changed from the unt 


position of adjoining parts. Location of 


versal joint front yoke to a spacer on the main shaft im 
mediately behind the rear bearing. 


the 


geal 


revisions were made Chevrolet 


1940. The 


were locked into the gear in a manner similar to that of 


Five mid-season in 


transmission in reverse idler bushings 
the counter-gear bushing construction. Bosses on the end 
The interlocked 
clamped instead ol welded to the interlock shaft, permit 
ting removal The 


retainer nut was made of steel replacing the former dic 


of the gears were enlarged. lever was 


of these parts. clutch gear bearing 
cast part. 

\s special equipment this year, a choice of transmission 
overdrive unit with automatic shift or two-speed rear axle 
with manual shift is offered on all cars of the Lincoln line. 


All 1941 Willys line 


equipped with steering-column-mounted  gearshitts. 


be 
\ll 


transmissions in this line now employ case-hardened nickel 


models of the \mericar will 


steel gears; are equipped with full block type synchronizers 


and will have helical gears on first speed and in revers 


Cadillac shifting mechanism and rods are now enclosed 


within the steering column. 
Hudson has changed the type of its overdrive this year. 
It has adopted the type in which control is effected entire ly 


by means of a solenoid operating a lock-out on the sun 


vear. 

An all-helical gear transmission is provided in Stud 
baker Champions and all Hudsons for the first time this 
year 

Servicing of the Chevrolet universal joint or rear ax! 


is now possible without disturbing the vacuum power 


cylinder, since the cylinder bracket is now attached to th 
side of the transmission case instead of being made integra! 
with the ball-joint collar. 

Chevrolet's torque tube and propeller shatt have been 
increased 5/16 in. in diameter. They also are longer to 
adapt them to the longer wheelbase chassis. 

The sliding member has been removed from the Cadillac 
propeller shaft assembly and located within the transmis 
sion housing to slip on splines on the rear of the trans 
mission main shaft. The ball bearing on the main shaft has 
been replaced by two steel-backed babbitt bushings pressed 
into the housing which also holds the oil seal. These bush 
ings and the sliding member are lubricated by the trans 


mission oil. 
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Rear Axles 


Changes in rear-axle ratio and increases in rear tread 
to permit wider rear seats make up the majority of im 
provements in the rear axle for 1941. 

Hypoid gears appear for the first time in Willys prod 
ucts in the new Americar. They permit a reduction in the 
floor tunnel at the rear of the car of 14 in. A new gear 
ratio of 4.444:1 is provided on the four-door sedan, as 
compared with 4.55:1 used last year. 

Plymouth rear axle ratio has been stepped up to 4.3:1 
from 4.1:1 on sedans, and to 4.1:1 from 3.9:1 on coupes. A 
3-54:1 ratio rear axle is used in connection with Chrysler 
“underdrive” transmission on Chrysler 6’s; DeSoto gives an 
option of this ratio or a 3.73:1 ratio for use with underdrive. 

With Hydra-Matic drive Oldsmobile furnishes a reat 
axle ratio of 3.42:1 for all Special Series models, the Dy 
namic Cruiser 8, and the Custom Cruiser 8; the Dynamic 
Cruiser 6 and Custom Cruiser 6 are provided with a rear 
axle ratio of 3.64:1. 

Unless compound carburetion is used, the standard rear 
axle ratio of the Buick 40 remains the same at 4.4:1; with 
compound carburetion a ratio of 4.1:1 is furnished. With 
compound carburetion as standard equipment, the Buick 50 
rear-axle ratio has been reduced from 4.4:1 to 4.1:1; that of 
the Buick 60 and 70 remains the same at 3.9:1; the Buick go 
has been reduced from 4.56:1 to 4.2:1. Optional economy 
ratios of 3.9:1 in the Buick 40 and 50, and 3.6:1 are available. 

Cadillac rear-axle ratios are now 3.77:1 for series 61, 62. 
63, and 60S and 4.27:1 for series 67 and 75. Cadillac 1940 
ratios were 3.92:1 for the 60S and 62, 4.31:1 for the 72 and 
go, and 4.58:1 for the 75. 

Rear axle ratio of the Pontiac Deluxe Torpedo is now 
4-1:1 as compared with 4.3:1 on last year’s Special 6. 

Rear tread of Cadillac 61, 62, 63 and 60S has been in 
creased to 63 in., 4 in. more than the 1940 62, and 2 in. 
more than the 1940 60S. Rear tread for the Cadillac 1941 
67 and 75 is 624% in. Willys records a 2 in. increase in 
rear tread, bringing it up to 58% in. Chevrolet also an 
nounces a rear tread increase of 1 in., making it 60 in. 
for 1941. Rear tread of all Lincoln cars is now 60% in., 
an increase of 2'4 in. over that of the 1940 Lincoln-Zephyr. 
On all Buicks except the go, the rear tread has been in 
creased 2 11/32 in. Rear tread on Oldsmobiles and Pon 
tiacs also has been increased 24 in. to 61'4 in. 

Buick rear-axle housings are 3/16 in. larger in diameter 
to accommodate the longer rear tread. Strut rods are now 
riveted to the brackets at the front of the torque tube. 

The Buick 90 has a new longer torque tube necessi 
tated by the farther forward position of the engine. 

Lowering of all Buick bodies has necessitated new rear 
axle rubber bumpers and bumper brackets. A secondary 
bumper or rear-axle stop has been added just back of the 
rear-axle rubber bumper to ease shocks if the springs 
should “go through” during rough driving. 

Oldsmobile is using a double-spool-type of rear axle in 
sulator to replace the U-shaped insulator used last year. 

Axle housings on the 1941 Cadillac 67 and 75 are re 
inforced with a steel tube welded to the interior of the 
housing. 


Brakes 


Brake drums of 40, 50, 60 and 7o series of Buick now 
have cast-iron bands with a steel backing plate, instead of 
being all cast iron and ribbed. 
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The master cylinder on all Buicks has a new master 
cylinder cup with a brass insert to prevent the holes in the 
piston from damaging the cup. Buick brake pedals have 
a longer shank, which gives a longer throw to the pedals 
betore they strike the toe board. To eliminate squeaks 
caused by rubbing of the brake shoes against the guide 
blocks, Buick brake shoes are now provided with narrow 
slots about ¥g in. in from the edge of the shoe and directly 
opposite the guide pads on the backing plates. 

Oldsmobile brakes for 1941 are provided with a safety 
clevis connection, consisting of the brake pedal with an 
added “duck bill” pointing to the rear of the pedal clevis 
connection and a stamped end on the master-cylinder push 
rod which hooks under the “duck bill” in such a manner 
as to prevent the rod end from being lifted vertically from 
the pedal until the master cylinder end of the rod is raised 
to unhook the stamped end from the pedal. In case the 
clevis pin is accidentally left out, the connection is still 
effective, as the pedal rod is actuated by the stamped end 
bearing directly against the pedal to transmit motion 
either forward or backward. 

Pontiac has made a slight change in its emergency brake 
linkage. The horizontal link which multiplies the effort 
of the hand brake lever has been cut off at its unfixed end 
so that it does not project through the X-member web 
Instead, it is supported by a wire link whose upper end 
is hooked through the X-member upper flange, permitting 
the brake to swing through its operating path. 

All-steel brake drums with a braking surface of cen 
trifugally cast nickel alloy iron now replace the cast-iron 
drums formerly used on all Pontiac models. 

Brake lining of Oldsmobile Dynamic Cruiser is now 
2 in. wide instead of the 1% in. width used on the Olds 
mobile 70 last year. Drum diameter remains at 11 in. 

Ford and Mercury brake linings now are molded type 
for both front and rear shoes. 

The Lincoln brake pedal has been moved 1 in. closer 
to the center of the car. 

A ro in. diameter brake drum has been adopted in all 
Hudson 6-cyl models. In addition, brake drums on all 
Hudson models will now be of the centrifuse type. Brake 
pedal pressure has been made softer. 


Wheels, Rims, and Tires 


A new safety rim design is announced on all Chrysler 
products in which the metal between the inside of the 
tire beads and the drop center has been raised slightly, 
forming a hump about 0.05 in. high, to prevent the beads 
from working loose. Purpose of the new design is to pre 
vent flat tires from being thrown off the rim at high 
speeds, and thus minimize the danger of flat tires. When 
the tire goes flat, the humps do not allow the beads to fall 
into the drop-center section, thus preventing the tire from 
coming off the rim. A special tool is necessary to remove a 
tire from a safety rim (described under the heading 
“Equipment’). Rim widths on the entire Lincoln line 
have been increased 1 in. to 5 in.; tire size to 7.00-16. 

Rim size has been decreased from 16 in. diameter to 
15 in diameter on the Cadillac 61, 62, 63 and 60S. 

To handle the increased weight of the Studebaker Presi 
dent, tires have been increased in size from 6.50-16 to 
7.00-16. DeSoto also announces larger tires, 6.25-16 instead 
of 6.00-16. In line with a weight reduction the tires of 
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the Nash 


7.00-15. 


Ambassador are 6.50-16 this year instead of 

Packard 110 now uses 6.50-15 tires instead of 6.25-16 
used last year. Tire size on the Packard 120 also has been 
stepped up to 7.00-15 from 6.50-16. The Packard 180 and 
160 now furnish 7.00-16 six-ply tires as standard equipment 
on all except the 127-1n. wheelbase models. The 127-in. 
Wheelbase Packard 160 and 180’s are furnished with 
7.00-160 tour ply tires. 

Except that 6.50-16 tires are used on the Oldsmobile 
Special when the 8-cyl motor is used, Oldsmobile tire 
sizes are the same as last year. 

Ford Mercury tires have been increased in size to 6.50-16 
trom 6.00-16; rim widths also have been increased to 5 1n. 

All cars of the Willys Americar line are equipped with 
5-50-16 tour-ply tires. 

Cadillac 61, 62, 63 and 60S now use 7.00-15 four-ply 
tires. Series 67 and 75 Cadillacs continue the use of 
7.50-16 six-ply tres. 

Tire sizes on the Hudson line are as follows: Traveler, 


16-5.50: Hudson 6 and Super 6, 16-6.00: Commodore 6's 
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and §$’s, 16-6.25; and Commodore Custom, 16-6.50. 
Three spring clips instead of four are used to secure 
Buick hub caps. All 


3uick hub caps are larger except 
those of the Buick go. 


Rear Suspensions 


Coil springs smaller in diameter but about twice as long 
as conventional types are employed in the rear suspension 
ot the Nash Ambassador 600. These springs enclose 
double-acting hydraulic shock absorbers, and the assembly 
extends considerably up into the body. Rubber seats are 
employed to insulate the springs from the rear axle and 
body. A transverse radius rod, connecting one side of the 
body and the opposite end of the rear-axle housing through 
rubber bushings, maintains rear-axle alignment. Torque 
tube drive employing two torque rods, of course, is used. 
The torque tube is insulated from the transmission by rub 
ber grommets. 

Rear leaf springs of all Chrysler products are now 
grooved on the under or compression side to reduce the 
maximum tensile stress, and permit lower spring weights 
Dodge and Chrysler rear springs are now mounted in 
rubber at each end. The Chrysler Crown Imperial rear 
springs now have wax-impregnated interleaves between 
all except the short leaves. Metal spring covers are now 
standard equipment on all Chrysler products except the 
Crown Imperial. Stabilizer bars between the frame and 
rear axle are provided this year on all cars of the Chrysler 
line except Plymouth. 

Rear coil springs on all Buicks have been decreased in 
height, contributing to the lowering of bodies. All Buicks 
have new tubular transverse radius rods with new brackets 
at the frame and axle housing. At the axle end this rod 
is closer to the axle housing than previously, thus pro 
viding room in the right side of the trunk to carry the 
spare tire upright. 

The Packard goose-neck rear tension shackle mounting 
has now been extended to include the 160 and 180. On 
these same two models direct-acting rear shock absorbers 
replace the opposed type used in 1940. 

Oldsmobile’s rear stabilizer has been relocated; it is now 
connected by rubber bushings to the rear torque arms and 
by rubber bushings to the sides of the frame. 


m Chassis of new Nash 
Ambassador 600 show- 
ing rear suspension. 
The rear coil springs 
are smaller in diameter 
but longer than “con- 
ventional types and 
enclose double-act- 
ing hydraulic shock ab- 
sorbers 
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n Cadillac's new rear spring rubber snubber installation. The snub- 
ber has the effect of increasing the spring rate as the spring ap- 
proaches its "bottom" position 


The average rate of Chevrolet rear springs is now 115 |b 
per in., 5 lb per in. less than in 1940. This makes the 
front and rear-spring rates practically the same. Rear shock 
absorbers have been brought into a finer balance with front 
shock absorbers by revising the valving of these units. The 
angle of the rear spring shackles has been changed to mak« 
the spring rate more uniform. The rear springs now are 
29/16 in. farther apart, this spacing being permitted by 
the increased tread. Changes have been made in the geom- 
etry of the rear springs to provide a slightly greater “under- 
steer” factor on turns and when maneuvering in traffic. 

The Ford and Mercury rear springs are 14 in. longer 
than formerly, and their effective length has been increased 


another 2'4 in. by reducing from 6 


to 4 in. the length 
of the saddle which clamps the spring to the frame cross 
member. Shackles are now arranged so that they slop« 
inward toward the top of the car. Frequency of the new 
rear springs is 57.7 oscillations per min. This frequency 
is only 6 oscillations per min lower than that of the front 
spring. This value is lower than the 1940 frequency, duc 
to the longer spring and change in shackle position. 

Ford and Mercury rear shock absorbers have a lower 
setting to accommodate changes in springing. A new type 
of metering adjustment with a double-tapered valve is 
provided. This adjustment increases the range of the ad 
justing pointer for the same degree of metering valve 
action. 








Rear springs are now 49 in. long on the entire Lincoln 


line; this is an increase of 24 in. in length over the 1 


)40 
Lincoln-Zephyr rear springs. The 1g41 springs also are 
wider than their predecessors. The Lincoln rear spring 
deflection rate has been dropped trom the 1940 figure ot 
220 lb per in. to its present value of 195 to 205 |b per in 
Lincoln rear shock absorbers are now 40‘%@ larger than 
they were 1n 1940. 

To cushion spring action over very rough roads and to 
prevent jar due to spring bottoming, all Cadillac models 
have been equipped with auxiliary rubber spring bumpers 
mounted on the side rail kickup reinforcements. Thess 
bumpers have the effect of raising the spring rate as th 
spring approaches its extreme bottoming position, 

As on all other Cadillacs, rubber bushings have bee: 
installed on the Cadillac 60S rear spring rear shackles. 

This arrangement provides rubber insulation betw 
the trame and springs at all points of suspension. 

The position of Hudson rear springs has been altered 
slightly to lower the rear of the car. Rear springs of th 
Hudson 6 have been reduced to 52'% in. in length; in al! 
other models the rear spring length is 60 in. 


Front Suspensions 


The Nash Ambassador 600 introduces a design ot ind 
pendent front-wheel suspension, based on the Lan 
principle, new to American passenger cars. It employs 
vertical king pins 20 in. high supported at the top by a 
horizontal steel tube and anchored at the bottom by a 
horizontal cross member that is bolted to the unit frame 
and body, as shown in the accompanying illustration 
Movement of the collars which carry the front-wheel spin 
dles up and down on the king pins is controlled by coil 
prings that are longer and smaller in diameter than con 
ventional types. Each collar forms the outer race for 6 
cageless roller bearings, the king pin being the inner rac 
A retainer tube between the two holds the bearings In 
place. A tapered roller bearing at the top of each unit 
takes the spring thrust. Each assembly is sealed in greasé 
by means of a corrugated rubber boot, as shown in the 
illustration. Direct-acting tubular shock absorbers are in 
stalled parallel to the king pins as shown. A tube extend 
ing from the top inside the wheel housing permits eac! 
unit to breathe; the intake end of this breather tube is 
provided with an air cleaner. A rubber bumper at the 


top of each unit limits the maximum travel of each collar 


a Front suspension of 
the new Nash Am- 
bassador 600 is 
based on the Lancia 
principle. The verti- 
cal king pins are 20 
in. high and the 
spring assemblies are 
sealed in grease 
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Lhe independent tront-wheel suspension on the Nash 
Ambassador 6 and 8 has been modified to locate the 
direct-acting two-way shock absorbers inside the coil 
springs. New bushings are provided to insulate the upper 
control arms. 

The transverse leaf spring in the independent front 
wheel suspension of al! three Studebaker models has been 
strengthened. The Champion and Commander have added 
one leat, making the total leaves 12 and 16, respectively, 
and the 18 leaves of the President’s are two more than 
last year. Control links that enclose the lower side of this 
transverse spring have been added on all models. The 
outer end of each stamped control link is attached to the 
front spring bolt with a rubber mounting, and the inner 
end is pivoted to a center plate attached to the front spring 
clips. 

Coil springs in all Buick independent front-wheel sus 
pensions have been redesigned to permit lowering the cars, 
and the double-acting shock absorbers have new valve set 
ungs. On some models new compression rubber bumpers 
and retainers are provided. Front-wheel spindles, inner 
and outer wheel bearings, and wheel hubs are larger this 
year on all Buicks except the go. The Buick go front sus 
pension now has knuckle supports similar to those used 
on the Buick 70, having the king-pin support boss forged 
integral; new steering knuckles and steering arms also are 
provided. 

The Packard tront suspension has been lowered by alter 
ing the wheel carrier forging to drop the center of the 


has been reduced. The 1941 frequency is 63.7 oscillations 
per min, compared with 76 oscillations per min for 1940. 
Lhe deflection rate has been reduced from 185 |b per in. 
to 175 lb per in. The lower spring trequency is said to 
be due essentially to new reverse-type spring shackles. On 
1940 Fords and Mercurys, the lower ends of the shackles 
to which the springs are attached sloped inward toward 
the center of the car and approached the vertical position 
with full passenger load. On the 1941 cars, the lower ends 
ot the shackles slope outward at an angle of 25 to 30 deg. 
This arrangement puts the main leaf of the spring in com 
pression instead of tension as formerly and is said to pro 
vide improved damping action for the spring. In connec 
tion with the new spring arrangement, Ford and Mercury 
are provided with a redesigned ride stabilizer. The greater 
tendency for side sway attendant upon the lower frequency 
and rate of the springs was one reason for modifying the 
stabilizer bar. The 1941 stabilizer uses swinging shackle 
connections at the ends of the bar in place of having the 
bar ends slide in bushings as they did in 1940. The 
shackles swing back and forth through a small arc as the 
axle moves up and down. This movement is reduced on 
the 1941 cars because the front radius rods are 4 in. longer. 
The stabilizer bar arms have been reduced slightly in 
length. No lubrication is required for connections to the 
front axle. The top of the swinging shackle is attached 
to the arm of the bar by a ball-and-socket joint which has 
a steel ball working in an oil-impregnated non-metallic 
socket. At the lower end of the swinging shackle, a stand- 





=» 1941 Ford and Mercury front suspension — Frequency of the front spring has been lowered due essentially to new reverse- 
type spring shackles. The ride stabilizer now uses swinging shackle connections at the ends of the bar 


knuckle. Opposed-piston type front shock absorbers replace 
the parallel-cylinder type used in 1940 on the front end of 
the Packard 110 and 120. 

Increased camber adjustment is now provided in Pontiac 
front-wheel suspension. The eccentricity of the knuckle 
support upper pivot pin has been increased from 1/16 in. 
to 3/32 in. Camber will be adjusted to o deg at the factory 
and the total adjustment available will be 1 deg. 

To take care of added weight at the front of the 1941 
Chevrolet the free height of the front suspension coil 
springs has been increased slightly, and new front wheel 
inner bearings of larger capacity are used. The bearing 
capacity is raised by revising the contour of the inner and 
outer races. In addition, wheel spindles are strengthened 
by a 3/32 in. enlargement in diameter. 

Frequency of the Ford and Mercury front spring has 
been lowered 16%, and the deflection rate has been low 
ered. Camber of the Ford and Mercury front suspension 
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ard front spring shackle stud and bushing are used. Ford 
and Mercury front shock absorbers are now larger with 
20% more fluid capacity, making them the same size as 
the rear shock absorbers. All shock absorbers have a new 
type metering adjustment with a double tapered valve. 
This adjustment increases the range of the adjusting 
pointer for the same degee of metering valve action. 

The front spring on all Lincoln models is now 44.5 in. 
long, 3 in. longer than on last year’s Lincoln-Zephyr. It 
also is wider. The Lincoln front springs have been softened 
from a deflection rate of 280 lb per in. to a 1941 figure 
that ranges between 220 and 230 lb per in., depending 
upon the size and weight of the model. 

Larger front-wheel bearings and steering knuckles are 
provided on Cadillac 61, 62, 63 and 60S. For better main- 
tenance of camber adjustment on all Cadillacs, the threaded 
pin in the upper end of the steering knuckle support has 
been replaced by a plain eccentric pin. With this arrange 
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ment, the camber adjustment range has been doubled. 
Hudson front coil springs have been softened to permit 
a slower up-and-down movement. 


Frames 


Most 1941 frames have been redesigned to accommodate 
larger, heavier bodies, to permit further lowering of the 
cars, and to provide additional stiffness. 

A 40% increase in torsional stiffness in the Cadillac 
1941 frames is due to more rigid X-member and side-rail 
construction. Lighter gage side-rail stock is used, while 
side-rail depth has been increased and several reinforce 
ments have been added. A channel section reinforcement 
welded to the frame side rail extends along the side rail 
from the rear of the X-member to the fuel tank cross- 
member. It forms a support to the kickup over the rear 
axle. Another support has been added at the junction of 
the rear cross member with the side rail. This support is 
a Z-section reinforcement at the rear spring rear bracket. 
In line with the increase in rear treads, the width of the 
frame has been increased at the rear on the Cadillac 61, 
62, 63 and 60S. At the front, the X-members are joined 
to the side rail farthest to the rear. A long channel exten- 
sion forms a box section with the side rail from this 
junction to the front cross member. 

A special frame for Hudson convertible models has an 
extra sub-X-member heavy reinforcing plate, and four ad 
ditional transverse struts, connecting the X-members with 
the sides of the frame, a total depth of 9% in. Hudson’s 
regular frames are lengthened in accordance with increases 
in wheelbase. 

The X-members have been eliminated on the frames of 
all Chrysler products except Plymouth. Side rails are of 
the double-channel box-section type. Four cross members 
are used, the front one being of box-section construction. 
The floor pan has been made heavier. 

A small sub-frame is placed underneath the new Nash 
body on the Nash Ambassador 6 and Ambassador 8. This 
is the same unit frame and body used on the lighter, 
shorter-wheelbase Nash Ambassador 600 except that the 
front end is omitted from the start of the hood on. The 
sub-frame side rails are box sections for their full length. 

All Buick 1941 frames are now of the type developed 
for the Buick 50 and 70 with X-type center cross members 
and side rails that are straight and practically parallel from 
front to rear. The new frames on the Buick 40, 60, and 
go, along with the new body designs, are responsible for 
the substantial lowering of the floors of these cars. The 
Buick go frame is longer to provide the 139'4 in. wheel- 
base. The side-rail depth of this frame has been made less 
than that of the 1940 Buick frame in order to lower the 
body floor, but the steel stock has been made 1/32 in. 
thicker and the flange widths increased in necessary areas 
to compensate for this reduction. All frames are designed 
to clear the vertical spare tire well now used in all sedans. 

Packard frames have been redesigned to accommodate 
the new body design and provide for the increase in over- 
all length, front and rear. The side members are 6 15/16 
in. deep, and the tapered I-beam X-members are continued. 

Two sets of bolt holes are provided in the cross member 
that supports the front of the engine in all Oldsmobile 
frames. The forward set of bolt holes is used to mount 
the 8-cyl engine, and the rear bolt holes are used for the 
shorter 6-cyl engine. This arrangement permits either 





engine to be mounted on any frame with a minimum of 
adaptation. 

Pontiac uses two frames, one for the 119-in. wheelbase 
models and another for the 122-in. wheelbase series. The 
new frames follow the double-drop straight X-member 
design with boxed-in side members from dash to front 
cross member. Both frames are lower, wider, and longer 
than last year. 

Revisions in the Chevrolet frame are chiefly dimensional. 
Because of the longer wheelbase and to allow for the 
lowering of the floor, that portion of the frame between 
the front and rear kickups is lengthened 3 in. and is 
lowered % in. 

Ford and Mercury now have an X-member type frame 
which has 100% greater rigidity than the 1940 frame. 
The center section of the X-member is of all-welded g-in. 
deep box-type members. This X-member is constructed to 
permit the torque tube to pass through it. The X-member 
is braced to the side members at eight points. There are 
full box sections where the X-member channels join the 
side member. Opposite front and rear X-member channels 
are in a straight line. The rear-frame cross member to 
which the rear spring is attached is stronger than on the 
1940 frame. In cross-section it is an inverted channel with 
flanged legs as previously, but it now has a plate welded 
to its flanges running the full length of the member and 
making it a box-section type. The rear spring is U-bolted 
against this bottom plate. 

A straight-through X-member type frame with box 
section side rails, three times as stiff torsionally as the 1940 
frame, but 5 Ib lighter, is used in the Willys Americar. 
Transversely, this frame is 20% stiffer 


Steering Systems 


The Willys “Americar” has adopted the cam-and-lever 
twin-pin steering gear, replacing the worm-and-sector type 
used in 1940. The steering ratio has been increased from 
14:1 to 16.4:1. The steering-gear column has been length 
ened 1 in. to raise the wheel and bring it closer to the 
driver. 

The new Nash Ambassador 600 uses a worm-and-roller 
steering gear. The ratio is 18.2:1. The ball bearings at 
the steering king pin take both vertical and radial loads. 

Direct cross-steering tie rods now replace the former in 
termediate steering arm and bracket assembly on the 
Suick go. This linkage is similar to that of the Buick 70, 
connecting directly from the pitman arm to the steering 
arms. The Buick go also has new knuckle supports, similar 
to those of the Buick 70, having the king-pin support boss 
forged integral, as well as new steering knuckles and steer 
ing arms, bringing the linkage in line with the other 
Buicks. 

All Buicks have adopted the ball-bearing worm-and-nut 
type of steering gear. A new steering-column-to-instru 
ment-panel support bracket is used on all models which is 
adjustable for height by means of shims. 

Packard uses rubber in two places to minimize the trans 
fer of road vibration to the steering wheel. A rubber core 
or bearing is now used around the ball joint at the end of 
the pitman arm, and the steering-gear housing also is insu 
lated from the frame by a rubber pad. In addition, new 
needle bearings have been applied in the steering knuckles 
of the Packard 110 and 120. 
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The Packard steering-gear roller now is mounted on a 
ball-bearing on all models. 

Pontiac's steering column jackets have been made stiffer 
by increasing the metal thickness from 0.049 in. to 0.085 in. 
Chevrolet’s mast jacket also is of heavier gage — 0.083 in. 
against 0.049 1n. 1N 1940. 

The worm gear of Pontiac’s worm-and-roller steering 
gear is now burnished. 

All Cadillac models are now equipped with the worm- 
and-ball-bearing-nut steering gear introduced on the 1940 
Cadillac 72. The turning radii for all Cadillacs are shorter 
than for 1940. 

A needle bearing has been added on the steering-gear 
shaft in the Hudson Commodore 8. 


Equipment 


The heating and ventilating capacity of most of the sys 
tems offered by manufacturers has been increased for 1941, 
and their control has been made more sensitive. Packard’s 
air-conditioning system is continued with slight alterations, 
and a small auxiliary refrigerator is offered in conjunction 
with the air-conditioning equipment. Hood locks have 
been extended in application until they appear on a ma- 
jority of models. Direction signals also appear on new 
makes this year. Chrysler offers a new tire tool for use with 
its “safety” rim. 

A new heating and ventilating system called “Condition- 
Air” is announced by Oldsmobile. In operation of the new 
system, the air first enters the cowl ventilator through a 
filter and rain trap, then it is warmed to the desired tem- 
perature by the heating core and forced by pressure of the 
car's movement into and throughout the car. Auxiliary 
heating and defrosting fans maintain heat flow and air 
circulation when the car is stopped or moving at low 
speeds. The temperature is maintained by varying the 
amount of hot water flowing through the heater core. 
Temperature control is automatic. 

The Cadillac under-seat heater has a new thermostatic 
heat control that turns itself on and off automatically after 
the driver sets the heater control for the desired tempera- 
ture. The thermostat regulates the amount of water flowing 
through the units and also governs the speed of the fans. 

Capacity of the Nash “Weather-Eye” heating and ven- 
tilating system has been increased by 70%. The heating 
unit, intake air filter, and rain shedder have been increased 
in size. The air is delivered through a slot in the bottom 
of the unit onto the toe boards in the front compartment. 
Two blowers are used this year instead of one, and the 
thermostatic control has been re-arranged to hold the tem- 
perature within 114 F. 

The screened air intake for the Studebaker “Climatizer” 
heating and ventilating system is located at the left side of 
the body just ahead of the front door in 1941 installations, 
instead of the location alongside the left running board 
formerly used. From this intake, the air is conducted to 
the heating and ventilating unit located beneath the front 
seat. 

Buick introduces an “impact” type of heater for the 
Buick 90. The air intake is located just behind the radi 
ator grille and the system is provided with a blower which 
is unnecessary at speeds above 30 mph. In addition the 
system comprises an under-seat heater, a windshield de 
froster system and blower, and an automatically controlled 
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valve on the dash to control the car temperature by con 
trolling the water flow to the heater. 

Direction signals have been made standard equipment 
on all Lincolns and Chrysler 8's; they are special equip 
ment on all other Chrysler products. The Lincoln and 
Cadillac systems now have an automatic turn-off. 

Pontiac offers a new wheel jack consisting of three parts: 
a ratchet jack which operates on the wheel rim, a steel 
supporter stand to rest the car on after it is raised, and a 
combination jack handle and wheel wrench. 

Hood locks with the control in the driver’s compartment 
are to be found on all Nash, Chrysler, Pontiac, Lincoln and 
Willys products this year. They have a safety catch for the 
service attendant to release. 

The vacuum connection for the Ford and Mercury wind 
shield wiper is now located on the carburetor riser so that 
it can obtain a supply from all 8 cylinders. Formerly the 
connection was on the intake manifold and derived its 
vacuum supply principally from cylinders Nos. 7 and 8. 

Cadillac has improved its “No-Rol” device for holding 
the car on an incline. The unit is now kept disengaged 
when the car is in reverse, permitting the car to coast when 
moving with the transmission in reverse and the clutch 
disengaged. 


Grilles and Sheet Metal 


The entire front ends of 1941 cars are much more mas 
sive than in 1940. Die-cast grilles are considerably heavier 
as are bumpers and fenders. Hoods continue their longer 
and lower trend. 

suick’s one-piece side-opening hood highlights the de 
velopments in this field. This arrangement is made possible 
by a new type of hood-latch mechanism located on each 
side of the hood. To open the hood, one side of the hood 
is unlatched and the hood raised, the latch on the opposite 
side serving as a hinge. By this means the hood may be 
lifted from either side or removed entirely by unlocking 
both fasteners. Pilots along each rail align the hood. To 
eliminate the possibility of the hood coming off if both 
fasteners were to be left in the open position, a safety 
arrangement is provided. This catch is located back of 
the handle. When the handle is opened a red rubber- 
coated rod end is exposed which it is necessary only to 
push toward the center of the car to be able to lift the 
hood. When the hood is lowered, the safety catch auto- 
matically swings into locked position. As previously, the 
latch handle is an integral part of the louver. A support 
is provided to hold the hood up when open from either 
side. 

Pontiac’s front-wheel splash aprons have been redesigned 
to close off openings through which mud formerly entered 
the engine compartment under severe conditions. 

Chevrolet’s stamped radiator grille has been replaced 
with a heavier die-cast unit. 

Ford and Mercury introduce a multi-unit front fender. 
The front fenders are in three pieces, any one of which 
can be replaced. Maintenance and production advantages 
are obvious. The joints are concealed behind a chrome 
molding in the Mercury. The Mercury has no center grille 
this year. 

Accessibility of the Cadillac encine compartment has 
been improved by the use of an alligator top hood panel 
with integral side panels. 
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a Phantom view of new Nash 
Ambassador 600 unit frame 
and body 


Bodies 


As has been the case every year recently, longer, wider, 
lower, heavier, and stiffer are the adjectives that best de- 
scribe the 1941 bodies. The trend toward greater glass 
area also continues, but at a decreasing rate. Many of the 
new bodies follow the general line and construction of the 
“torpedo” body introduced by General Motors in 1940. In 
addition, a modified type with a rear contour that forms 
a straight streamlined sweep from the roof to the tail lights, 
is introduced this year by a number of makers. The body 
style often called a sedan-coupe is getting strong emphasis 
in 1941. As the name implies, it is a compromise between 
a sedan and a coupe with two full-size close-coupled seats. 

Two-tone treatment of both bodies and interiors is 
offered in a variety of harmonious colors on most lines. 

Pounds of plastic per car continue to increase. Most of 
the new applications have been made in the instrument 
boards. 

A new type of body mounting, in which the amount of 
compression that can be applied to the rubber shims is 
limited, appears on a number of makes. 

The old exposed type of running board has not long to 
live. This year two new types of running boards or “steps” 
appear — the “concealed” type in which the doors flare out 





to conceal the board or step when they are closed and the 
“semi-concealed” type in which the flared-out doors conceal 
only about half of the running board. 

Eleven 1941 models are furnished only without running 
boards; the new concealed type of running board appears 
on 14 models; and the semi-concealed type is provided on 
two 1941 lines. Running boards are optional, that is, they 
may be had or omitted at no extra cost, on most of the cars 
of four makers. 

Nash employs virtually the same body for all three 
models. For the Ambassador 6 and the Ambassador 8 the 
same unit frame and body used for the new Ambassador 
600 is used except that the front extension is cut off at the 
start of the hood and replaced by a box-section sub-frame 
that runs under the body for its full length. As used in 
the Nash Ambassador 600 (see illustration above) this 
body is an all-welded steel unit with an integral chassis 
frame and internal bridge-truss construction. Box-section 
door pillars have a large radius where they join box-section 
side rails at the bottom. The steel floor pan is flanged at 
the sides to form a box section with the sides. 

As a luxury feature of three models — Lincoln-Custom, 
Chrysler Crown Imperial and Packard 180 —- automatic 
window lifts have been introduced. The illustration below 
shows the mechanism by which the Packard lift is oper 
ated. 





m Packard power-oper- 
ated window lift — A re- 
versible starter motor 





coupled to a hydraulic 
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provides power opera- 
tion on all four windows 
and the division com- 
partment glass in the 
limousine. Each window 
is fitted with a hydraulic 
cylinder which raises or 
lowers the window at the 
touch of the hand switch 
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MODERN AIRCRAFT MATERIALS 


and Their Testing 


by KENNETH R. JACKMAN 


Chief Structural Test Engineer, 
Consolidated Aircraft Corp. 


HE search for new materials tor aircraft is spurred on 

by several consuming desires. First, and probably fore 
most, is the ever-present demand for stronger and lighter 
aircraft structures. In no other branch of engineering does 
the penalty for heavy structures or inefficient design bring 
such immediate It is the realization that 
every pound of weight saved in the initial design of an 
airplane will mean an extra pound of payload that keeps 
engineers the country over on the lookout for lighter struc 
tures. This weight saving may be obtained by the choice of 
new structural materials with higher strength-to-weight 
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ratios, or by more judicious use of present materials. 
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The second need for new materials enters the economic 
held. The choice of the material must be made with care 
ful consideration of its availability when needed, low cost 
per structural pound, and ease of forming into convenient 
shapes and sizes for rapid assembly. The use of materials 
im standard forms is economically more desirable because 
of the reduced problem of raw-material storage, the greater 
engineering simplification, and the clarification of shop 
drawings and processes. 

This brings us to the third reason for new materials of 
construction — the problem of simplification. The use of a 
new light-weight material, regardless of its possibly higher 
strength-weight ratio, would not be practical unless it were 
easy to fabricate and could be maintained easily after 
assembly. The present increase in production in all air- 
craft plants is being accompanied by the manufacture of 
tools for speeding all assembly operation. The use of a 
material that lends itself to the flexible demands of these 
modern aircraft production lines is of prime importance. 

The choice of a new aircraft material or new uses for a 
standard material will therefore be a compromise between 
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good strength-weight characteristics, availability when 
needed in standard shapes, low initial cost, simplicity of 
fabrication, and low maintenance costs. 

In order to cover this broad topic it seems best to sub- 
divide our subject into three general groups: 

1. Modern aircraft materials, including some new mate- 
rials which recently have found favor in our production 
lines; 

2. New fabrication uses of standard materials; and 

3. Advancement in the strain-measurement technique 
used in testing materials. 


1. Modern Aircraft Materials 


The tensile and shear properties of the more commonly 
‘used aircraft metals are presented in Table 1. These prop- 
erties, taken from the stress-strain relationships of the 
materials in tension and shear may be expressed as “spe- 
cific strengths” for more convenient comparison. The 
“specific strength” property in each instance is the physical 
property divided by the density of the material. So that we 
may all be on familiar ground, an effort has been made to 
accompany the manufacturer’s material designation with 
the specification numbers of the U. S. Army and Navy. 

The tabulated strengths are the average values that 
might be expected on present aircraft materials, but are 
not the manufacturers’ guaranteed values. The guaranteed 
strengths are usually several thousand pounds per square 
inch less than those listed. A relative cost comparison has 
been entered on the material tables as an economy guide. 
These material costs are fluctuating values and should be 
taken as very approximate. 

Aluminum Alloys! *»*— Aluminum and its alloys are 
still the most important structural material used in the 
manufacture of modern aircraft. The wrought alloys are 
too well known to deserve comment. 

Aluminum-alloy castings, with their inferior mechanical 
properties, shock resistance, and ductility, have not been 
favored for use for primary aircraft structures. Now, how- 
ever, with more rigid manufacturing control, X-ray anal- 
yses of all major castings, and with designs controlled by 
casting destruction tests in which 1roo% margins of safety 
are required, the use of castings is on the increase. 

Inasmuch as the quantity of castings for any particular 
airplane model are usually fairly small, the use of sand-cast 
alloys of aluminum is most common. The 195 _heat- 
treatable alloy, containing about 4% of copper, has good 
strength, maximum shock resistance, and machines readily. 

Airplane wheels which must be resistant to salt-water 
immersion, as is the case on amphibian gears and beaching 
gears on large flying boats, are specified cast of 195-T4 or 
T6 aluminum alloy. Casting alloy No. 356-T4 has slightly 
lower tensile properties than No. 195-T4, but is more resis- 
tant to corrosive exposure conditions. Casting alloy No. 
220-T4 has the highest combination of tensile and yield 
strengths, elongation, and resistance to impact of any of the 
cast-aluminum alloys. 


1 See “Alcoa Aluminum and Its Alloys,’ Aluminum Co. of America, 
1938. 

2See Jcurnal of the Acronautical Sciences, Vol. 6, No. 5, March, 
1939, pp. 185-202: “Materials for Airplane Construction,” by J. B 
Johnson. 

®See “‘Aircraft Materials and Processes,” by G. F. Titterton, 1937, 
Pittman Publishing Corp. 

‘See SAE Transactions, August, 1940, pp. 325-331: “Production of 
Magnesium-Alloy Aircraft Parts,’ by L. B. Grant. 

5 See Technical Publication No. 738. 1936, American Institute of 
Mining and Metallurgical Engineers: “Properties and Alloys of Beryl- 
lium,” by Louis L. Stott. 

® See ‘“‘Dowmetal Magnesium Alloys,’”’ The Dow Chemical Co., second 
printing, 1938. 
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Magnesium Alloys*— Magnesium is the lightest of the 
present structural metals available for aircraft construction. 
Pure magnesium weighs only 65°¢ as much as aluminum. 
Magnesium alloys have excellent strength-weight ratio, 
machine easily, and weld readily. However, this group oi 
alloys has poor corrosion resistance near salt water and 
therefore must be adequately surface protected by a 
pickling or chromate treatment. At the present time thes« 
alloys are being used mainly for secondary structures in 
aircraft designs such as seat brackets, conduit boxes, floos 
supports, and soon. Their extended use into the structural 
field will depend upon their present service record. 

The hardness of the magnesium casting alloys is not 
much affected by the solution heat-treatment, so the usual 
Rockwell indentation test as a means of checking up on 
heat-treatments cannot be used. 

Considerable weight saving has been made in the wheels 
oi large landplanes by substituting magnesium-alloy cast 
ings for the more corrosion-resistant 195-16 aluminum 
alloy castings. A particular 56-in. dual-brake wheel cast in 
magnesium alloy weighed approximately 230 lb instead of 
the approximate 300-lb weight when cast in aluminum 
alloy, thus resulting in a 

Alloys of Beryllium? 


7) 
=s 
This metal, as light as magnesium, 


yet with the hardness of sapphire and a modulus of elas 


“co wheel weight saving. 


ticity 30% greater than steel, has recently aroused interest 
in aeronautical circles. What can we, as engineers, expect 
of this strange paradox of a metal, first isolated in 1827 but 
which still remains a mystery to a great extent. The cost 
of the pure metal in 1929 was $200 per lb. Today it is 
approximately $30 per lb and there have been promises 
that a new extraction process which has recently been 
developed, will reduce the cost of the 99% pure metal to 
less than $6 per Ib. At this price the use of pure beryllium 
as armor plate on aircraft, to protect personnel and fuel 
tanks, becomes very feasible. 

The lack of ductility of the pure beryllium probably will 
stand in the way of its use as an aircraft structural metal, 
but the use of cast and hot-rolled sheet for armor plating, 
in which toughness rather than elongation is important, 
has far-reaching possibilities as soon as the cost of the 
material has been sufficiently reduced. 

The largest present commercial use of beryllium is for 
alloying copper. The superior properties of beryllium cop 
per sheet, when heat-treated, may be seen in Table r. 

This combination of magnesium and beryllium would 
seem in many ways to be ideal, but the metals do not alloy®. 
Aluminum alloyed with beryllium has insufficient ductility 
when rolled, but castings of this alloy may be developed it 
the resultant low elongation can be tolerated. Table 1 also 
shows a beryllium-nickel alloy, developed in Germany, 
which has remarkable elongation at high tensile properties 
similar to those of No. 4340 nickel-chromium-molybdenum 
steels. This alloy is non-magnetic, resistant to corrosion, 
and maintains much of its properties at elevated tem 
peratures. 

Steel Alloys — The light metal alloys have not been al 
to replace steel altogether in aircraft structures. The pres 


yi 


ence of shock loads in landing gears, of vibrations in engine 
supports, and of concentrated loads at numerous fittings 
makes the designer of light monocoque aircraft structures 
turn again to the steel alloys. 

The properties of several of the more common aircralt 
steels are shown in Table 1. The use of chrome-molybde 
num steel (SAE X4130) is too prevalent to need comment. 
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A nickel-chromium-molybdenum steel (SAE 4345) has 
such excellent properties that it has been suggested many 
times as a substitute for chrome-molybdenum steel. Table 1 
shows the maximum properties that can be developed on 
this alloy. This steel has good depth-hardening qualities 
which make it ideal for large high-strength forged fittings. 
I< may be heat-treated to over 200,000 |b per sq in. and yet 
maintain good machining qualities. 


Welds in 4345 steel 


stainless-steel alloys shown in Table 1 to replace chrome 
molybdenum steel, has been a real step forward. 

The aircraft stainless steels are divisible into two definite 
groups: 1. those that cannot be heat-treated but derive their 
properties through cold-work, and 


+ 


those that can be 
heat-treated. Members of the first group, best known tor 
its popular member “18-8,” contains low carbon, 17% to 
25‘« chromium, and 7% to 13% nickel, and are usually 


leave the welded areas glass-hard and very difficult to non-magnetic. The second, heat-treatable group consists of 


machine. The hardness variation in welded fittings can be magnetic steels containing 12% to 18° chromium, ap 
neutralized by heat-treatment. SAE 4345 steel sheet which proximately 2% nickel, and up to 1% of carbon. The 
has been welded and given a subsequent 230,000 !b per best-known member of this second group is the alloy 
sq in. heat-treatment can be machined almost as readily as “M-286” which is enjoying increased popularity at the 


X4130 steel with the conventional 125,000 lb per sq in. 
treatment. 


present time. 


The conventional corrosion-resisting steel for exhaust 
The scaling and consequent reduction in gage of chrome 


collectors on aircraft engines is now a titanium-stabilized 
molybdenum steel tubes and fittings in the conventional 


18-8 sheet best known by its Navy designation “47S19.” 
This steel has good forming qualities, is readily weldable, 
and is free from intergranular corrosion after welding. 


heat-treatment furnaces have been largely overcome in 
many aircraft factories by the use of an anti-scaling com 
pound called “Galvo,” developed by chiet chemist T. 
Galvin at the Consolidated Aircraft Corp. The brushing 
of this compound on 0.064 in, thick engine-mount tubes, 
which normally lost approximately 0.0035 in. in wall thick 
ness when soaked at 1650 F for 30 min, reduced the wall 
thickness change to only 0.0015 in. 

Stainless Steels 


This material is not heat-treatable. It is non-magnetic in 
the annealed state but increases slightly in magnetic per- 
meability with cold work, vibration, and possibly with 
temperature changes. 

The “47S19” sheet stainless steel has low physical prop 
erties and so has given place to another “18-8” alloy meet 
ing the Navy Specification “47521,” for structural purposes. 
This material has high strength properties obtained by cold 


Since so many aircraft parts are exposed 
to corrosive conditions such as salt water, the advent of the 





Table | —Properties of Metallic Aircraft Materials':?* 











































































Material Cost Speci- | Weight Tension Elong Shear 
No. Specifications |Form |(Approx.) | fic #/Culn | mate ]Yie T) as|% in |Uitimate |Mod.or Fatigue 
“Army Navy 371d [$/Culg Gravity Tixsspic ivso. BY 2° ] 3/D j|Rigidity | Limit 
(D) = 109 + 10° + 109 | Fzio%] = 103 
luminum Alloys 
17ST WW-T~786 |44-T=-21b| Tube 1.60 2.79 e101 60 121.5] 37 113.3)10.3]3.7 20 36 112.9 3.8 15 
4ST 11066 47-A-10 {Sheet 60} .06 2277 «100 68 124.6] 44/15.9110.3]3.7 19 41 114.8 3.8 18 
4ST-Alc}] 11067-II |47-A-8 Sheet 60} .06 2.77 2100 62 j22.5] 41 314.8]10.3)3.7 18 40 | 14.4 5.8 
4SRT 11067-I |47-a-10 |Sheet 70} .07 2.77 -100 70 125.3] 55 /19.9/10.3/|3.7 13 42 115.2 3.8 
5ST 57-153 46-A-7 Bar 2.79 e101 55 |19.7] 30 ]10.8/10.3/3.7 16 35 | 12.6 3.8 15 
14ST 57-153 M-277B Bar 1.00] .10 2.79 e101 65 j23.3] 50 j18.01/10.3]3.7 10 45 116.1 3.8 16 
195-T4 46Ale-4 |Cstg 1.55} .13 2.77 +100 3111.2] 16] 5.8/10.3/3.7 8.5 24 8.7 3.8 6 
356-T4 46Ale-3 jCstg 1.35] .13 2,65 2096 28 |10.6} 16} 6.1}310.3)|3.9 6 22 8.3 3.8 
20=-T4 -186 Cstg 1.55} 12 2,56 2092 45 |17.6] 25] 9.8)10.3/4.0 14 33 112.9 3.8 ? 
nesium Alloys 
"M"ALLoy (AM3S) -314-11|Sheet |1.00] .04 1.76 |.064 35 119.9] 27/15.4} 6.5/3.7 y 6.5 
"EPAlL Sheet |1.20 1.79 065 45 [25.2] 34/]19.0] 6.5/3.65 9 
Py"ALI (AN57S) -314bd-8/ Extr. 1.80 2065 43 124.0] 30/]16.7] 6.5/3.62}] 17 20 }11.1 1? 
"HY A11 57=74=1C IM-112AI4 |Cstg 2.00] .13 1.83 e066 38 /20.8] 18] 9.8] 6.5/3.55 5 18 9.8 10 
57-162 46-B-6 Bar 230} .09 8.23 230 67} 8.1] 45] 5.5}15 1.82] 22 
QQ-B-666 |46-B-17D | Bar 250] 14 7.8 28 7519.6} 37] 4.7/15 1.92] 20 
QQ-B-721 |46-B-15c | Bar 230} .08 7.8 28 85 [10.9] 60] 7.7116 2.05 5 
umen #20 Bar -60] 17 7.7 28 110 24.3] 70] 9.1]/16 2.1 | 12 
Cu-Be (H.T.) Sheet |1.30] .39 8.23 30 175 [21.2 1134 [16.2/18.9|2.3 6.9 95 111.4 7.0 
Steel Alloys 
7-107-9B |46-S-22 |Bar 7.8 28 55} 7.1] 36) 4.6)28 3.6 22 10 25 
2330 57=107-1%146-S-21b] Bar ol5]} .04 7.8 228 125 [16.0 |100 j12.8] 29 3.7 1? il 65 
X4130 7=-107-1%146-S-23E] Bar el5] .04 7.8 28 150 |19.2 135 |17.3/29 507 18 foo }12.6 11 78 
4345 11062 46-S-28 |Sheet 7.8 028 230 [29.5 |220 |28.2)50 3.9 4 1l 95 
Stainless Steal Alloys 
18-8 7-136-9 147-S-19 |Sheet 70} .19 7.8 28 80 110.2] 35] 4.5)26 3.3 40 70 9.0 30 
18-8 11068 4782158 Sheet e70] .19 7.8 28 150 |19.1 /110 /14.0] 26 3.8 10 hoo 12.8 55 
18-8 10079 46S18=1C|Bar e557] 215 7.8 28 1°20 }15.3] 60] 7.7}30 3.9 15 
18-8 10079 46S18~7B)] Bar 055} 215 7.8 28 100 jl2.t} 50] 6.4}z29 3.7 28 
16-2 M=-286 Bar eS0] 14 7.8 228 175 [22.4 135 |17.2430 329 13 
Inconel 57174 47Nla Sheet 8.55 eol 125 [14.5 /100 |11.6/31.5 |3.7 v4 10.5 
ionel Sheet -80 226 8.9 232 100 11.2 ee 10.1 25.5 2.9 8 9.2 
"K"Monel (C) Bar 80] .25 8.6 oS1 160 [18.5 |120 /13.9}25.5 2.95; 20 962 
ie-Nickel (HT & Rolled) Bar 8.1 229 260 {52.0 |218/26.2/27 (3.32) 8 
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working which are destroyed by welding or heating. 
There are several wrought stainless-steel alloys available 
for machined stainless-steel fittings. The 18-8 alloy, known 
by its Navy specification number “46S18,” is available in 
several grades. Two grades have proved very satisfactory 
in aircraft service; “1C” and “7E.” Grade “1C” with 
0.12% carbon has slightly higher physical properties than 
Grade “7E,” but lower elongation. Both metals should 
not be heated unless the loss of cold-worked strength by 
the annealing action can be tolerated. Time-controlled 
spotwelding does not materially reduce the strengths. 
Grade “7E” is recommended for its non-seizing and free 
machining qualities. On service parts such as bolts, nuts, 
bushings, and so on, the mating parts should be made from 
dissimilar steels to prevent seizing. 
“5E” with “1C” or “M-286” has been disassembled easily 
on overhaul after long periods of service operations. Both 
“1C” and “7E” stainless steels are very corrosion-resistant. 
The 16% Cr-2% Ni stainless steel, usually known by 
Navy Specification M-286, is not quite 
resistant as the “47518” family. 
soaking it in oil 


The combination ot 


as corrosion 
It can be heat-treated by 
1850 F, quenching in oil, and then 
tempering at the draw temperatures shown on Fig. 1 to 
over 200,000 lb per sq in. 

The carbon content limits for this stainless steel are trom 
0.09% to 0.15%. A relatively small change in the points 
of carbon apparently influences me necessary heat-treatment 
practice to obtain the specified 1 
mum ultimate strength. The solid line on Fig. 1 shows 
the heat-treatment curve for %-in. diameter bar stock with 
0.13% carbon content. The dashed curve shows a similar 
relationship for a 0.09% carbon 16%-2% 


5,000 lb per sq in. mint 


stainless steel. 
The practical usefulness of this stainless steel and its 
heat-treatment control, therefore, depends upon the know] 
edge of its chemical composition. At the time of the receipt 
of the M-286 stainless-steel bar stock for storage, it would 
7 See The Journal of the Royal 
1937, pp. 523-590: 
N. A. deBruyne. 


Aeronautical Society, Vol. 41, July, 
‘Plastic Materials for Aircraft Construction,” by 
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seem advisable to check the carbon content of and identify 
each bar. 


This information should accompany the produc 
tion 


article to the heat-treater, who then could adjust 
the drawing temperatures to give the desired physical 
properties. 

It is claimed that a heat-treatment to at least 175,000 |b 
per sq in. ultimate strength is required to give “M-286” 
bar stock its maximum corrosion resistance. Fittings of 
this stainless steel may be made corrosion-resistant to salt 
water, although not to the extent of the “46S18” group, by 
a fine machine cut to remove all traces of the heat-treatment 
scale. Additional protection is provided by buffing all ex 
posed surfaces to a high luster. 

This stainless steel is approximately as magnetic as 
chrome-molybdenum steel, regardless of the heat-treatment. 
Since the thermal conductivity of stainless steels is approxi 
mately one-third that of ordinary steels, the soaking time 
in all heat-treatment processes should be commensurately 
lengthened. 

Nickel Alloys — The “Inconel,” “Monel,” and 
“K-Monel” are well known to aircraft design engineers, 
but unfortunately the properties and uses of these nickel 
alloys are not so universally known. Some of the physical 
properties of these metals are shown in Table 1 

“Inconel” is a 78% nickel, 13% chromium, and 
iron alloy manufactured by the International Nickel Co. 
It is inherently corrosion and heat-resistant and is com 
monly used as a competitor to the 18-8 stainless steel sheet 
(47S19) for exhaust collectors and manifolds. It maintains 
high physical properties at elevated temperatures without 
the danger of the intergranular corrosion common to the 
stainless steels. 


names 


It can be formed more severely than 47S19 
but is more difficult to machine, costs slightly more, and 
has a higher scrap value. Flash boilers of Inconel sheet and 
tubing are one of the many specialized demands made on 


this metal. It also is used for engine shrouding and fire 


walls. 
“Monel” metal contains 68% nickel, 29% copper, and 
1% iron. It has relatively high properties and yet main 


tains excellent corrosion resistance. It cannot be hardened 


by heat-treatment but gets its superior properties by cold 


working. This material can be gas or electric-welded with 
sound, ductile welds. Monel metal is used on corrosion 


resisting parts such as fuel and oil strainers, pump parts, 
and so on, but it is being replaced 
“K-Monel” for structural purposes. 


“K-Monel” 


amount of 


large degree by 
is produced by the addition of a small 
aluminum to Monel metal and contains 64‘ 

nickel, 30% copper, 1%% iron, and 34% aluminum. 
Its chief assets are its corrosion resistance 


, Its non-magnetic 
qualities, 


and its high physical properties obtainable by 
heat-treatment. K-Monel is a peculiar metal inasmuch as 
it may be cold-worked and then heat-treated and the two 
processes increase the tensile strength to 175,000 |b per 
sq in. or more. The inherent strength and toughness ol 
K-Monel recently has been used successfully in the manu 
facture of corrosion-resistant ball flexible 
control cables. 

Wood and Plastics‘ — There has been a recent swing back 
to wood construction with its inherent simplicity and 
adaptability to rapid production. 
construction methods are 


bearings and 


The plywood airplane 
again appearing with some of 
the former drawbacks of glues affected by moisture, warp 
ing, and fungus eliminated by the use of plastic bonds. 
Many of the so-called “plastic” airplanes so widely pub 
licized these days are plywood planes of spruce or maple 
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in which the manufacturing processes differ to accommo 
date the particular plastic binder or resin used. 

Most of the modern developments in the “molded” 
airplane have been by the use of thin wood plies as a filler 
for the resin, the physical properties of the composite struc 
ture depending upon the ratio between the two materials 
and upon the heat and pressure necessary to cure the plastic 
bond. 

Table 2 gives comparable physical characteristics for 
some of the more promising woods and plastics. 

An airplane in which the wings and fuselage were each 
molded in one piece of extremely thin laminated films of 
wood and cellulose acetate was designed and built by 
Atwood* and successfully flown. The writer has tested this 
type of wood construction and has been unable to seal the 
cut edges against moisture penetration or to prevent the 
plies separating and weathering on exposure. 

The most recent trade name to catch the public fancy in 


the final article is non-hygroscopic because of the bakelite 
finish applied to the molded fuselage. 

The molded product has dissimilar properties in two 
directions as shown by a comparison of the Duramold 
material in Table 2. 

The advantages claimed for this material of molded air 
plane construction may be summarized as follows: 

(a) High resistance to fatigue (50% better for equal 
weight per unit area than 17-ST aluminum alloy). 

(b) Will not support combustion. 

(c) High vibration damping characteristic (approxi 
mately five times that of a metal). 

(d) External surfaces are smooth, reducing skin drag. 

(e) Heat insulating properties are high (wings so made 
may be relatively freer from ice than metal surfaces). 

(f) Insensitivity to large temperature changes. 

How successful this Duramold plane will be in living up 
to the high expectations held for this type of construction 


connection with molded airplanes has been “Duramold.” 
V. E. Clark’, in cooperation with the Haskelite Plywood 
Corp. and the Haskelite Co., has developed the Duramold 
process in which a wood-base material in large units is 
molded against wooden formers under heat and pressure. 
The material, so cured, has a specific gravity of from 0.5 
to 0.9. The strength and elastic modulus vary, roughly, as 
the density and may be controlled within +3%. The 
moisture content of the filler, it is claimed, remains practi 
cally unchanged throughout the molding operation and 


will be shown by its service life. 

While plastic-bonded wooden airplanes are somewhat of 
a novelty, the use of composite propellers, especially for 
low-horsepower, small planes, has become so commonplace 
as to be taken for granted. Wooden propellers are standard 
equipment on many European service planes, even on the 
powerful British Hawker “Hurricane.” 

One of the first applications of plastics in aircraft was 
the laminated phenolic propeller used immediately after 
the World War (1). Rapid changes in propeller design 
and increased engine horsepower have, until recently, caused 





























































































































8 See e Jo 0 1e eronc ciences fol. 5, No 0, ° A 
stuaeh, Te ppoi-so0" hscice as Siracusa’ Materials tr Ate! their replacement by aluminumalloy and stecl-bladed pro 
yo p oe i hg oy 653, June 30, 1939: “A Low-Density Material pellers. The weight-saving and vibration-damping charac- 
for Aircraft Structures,” by V. E. Clark teristics of wood-and-plastic construction has now started 
Table 2— Properties of Non-Metallic Aircraft Materials 
Speci- | Moisture * Tension Temp. | Compr. Sheer 
Materiel fic | Absorption Ultimate | Mod. of Elas. to \Ultimete | Ultimete Source 
Gravity Period T | T/D E/D Soften! C |C/D S_|S/D_ 
(D) +\/0 +10 (°c) +|/0> 
Synthetic Resins 
Peper Filler 1.37 29 248. 15.3] 11.2 1.61 1.18 | No 21.7/ 15.5] 8.5 |6.2 N.A.C.A. - TN. #694 
Canvas Filler 1.30 4 248. 10.2; 7.8) 1.80 1.39 No 18.3) 14.1/10.2 | 7.8 N.A.C.A. - T.N. #694 
Linen Filler 1.30 2 24H. 10.0; 7.7 | 1.43 1.10 | No 19.6) 15.0/11.5 {8.8 N,A.C.A. - T.N. $694 
Phenolic Resins | | 
Cotton Flock 1.37 6.8) 5.2 | No 27.0] 20.6 N.A.C.A. - T.N. #628 
Wood Flour 1.37 7.5) 5.5 No [|30.0} 22.1 N,A.C.A. - T.N. #628 
Fabric 1.57 10.0) 7.2 No 40.0) 29.0 N.A.C.A. - T.N. #628 
Paper 1.37 28 | 24H. 19.0) 14.0 | 1.20 -88 No __|30.0) 22.0 N.A.C.4,. = T.N. $628 
rea Resin = Paper 1.05 1.0 7D. 10.0] 6.5 No /|350.0/ 19.6 "British Plestics”® 
mold 
Type i - Optimmn -7 Av.j1.0 7H. 25.7/36.5 | 2.15 3.06 No 13.9 Inter Avia 
Type I = 90° to Opt. o7 Av.|1.0 7W. 4.7| 6.7 50 71 No 7.7 Inter Avia June 20, 1939 
Type IV Optimum o7 Av.|1.0 7%. 16.7|23.8 | 1.43 2.04 No 11.2 Inter Avie June 20, 1939 
Tgpe IV 90° to Opt. 7 Ave{1.0 74. 13.9}20.0 | 1.21 | 1.73 No /|10.4 Inter Avia June 20, 1939 
Jicwood 1.28 2.0 248. 27.5|21.5 | 4.50 3.51 17.4, 13.6] 4.9 |3.8 "Aeroplene” Oct. 1937 
Compound "1840" 1.26 6.2 24H. 29.6/23.5 | 3.50 | 2.65 21.2/16.9| 5.3 |4.2 N.A.C.A. = TN. $694 
Birch Reinf, Resin 1.27 27.7|21.8 | 3.40 2.68 22.8) 18.0 "Modern Plastics" Sept.1938 
Aerolite = Cord 1.34 25.0)18.7 | 2.0 1.49 27.0} 20.1] 5.8 |4.3 R.A.S. = Jan. 1937 
Aerolite = Gordon 1.43 45.0/31.5 | 6.0 4.20 24.0) 16.8] 5.0 |3.5 R.A.S. - Jan. 1937 
(Felt Base Resin 1.38 28.0|20.3 | 2.77 | 2.01 25.0} 18.1] 9.0 |6.5 "Aeroplane" Nov.9,1938 
Cellulose Nitrate 1.50 3.0 | 248. 8.0] 5.3 85°C /15.0}10.0 Boonton "Plestics" 
ree Acetate 1.30 2.0 | 248. 4.6) 3.5 3 023 70°C |14.0)10.8 Boonton “Plastics” 
thyl Methacrylate 1.20 | 7D. 10.0} 8.3 | .6 -50 135°C | 8.0] 6.7 Boonton "Plastics® 
Vinyl Resin 1.35 el 24H. 9.0) 6.6 4 2350 70% Boonton "Plastics" 
Plate Glass 2.5 0. 3.0| lee 1100% [20.0] 8.0 
Safety Glass 2.35 QO. 3.0} 1.2 1100°C*¥20.0 
Spruce 240 12 24H. 9.0/22.5 | 1.3 3.25 5.0} 12.5 -75)1.88 | N.A.C.A. = T.N. F296 
irch 268 12 248. 15.0/22.1 | 1.8 2.65 7.3)10.7| 1.3 |1.91 | N.A.C.A. - TN. #296 
h ny e51l 12 24H. 11,0/21.6 | 1.25 2.45 6.5112.7 8611.69 | N.A.C.A. - T.N. $296 
* Complete Immersion. H = Hours, D = Days, W - Weeks 


** Plestic Core Softens at 70°C. 
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m Fig. 3 — Stress-strain curves for several common aircraft materials 
in the yield region 





the pendulum swinging back to composite propellers. The 
Schwarz-bladed propellers are probably the best example of 
this design trend. 

The Schwarz process of building light-weight propeller 
blades originated at the Schwarz Co. in Germany over ten 
years ago. That company, together with Airscrews, Ltd., 
in England, has manufactured blades in large quantities 
for the last eight years and has the enviable service history 
that no propeller failures serious enough to cause a forced 
landing, or to injure other parts of the airplane, are on 
record. The Schwarz-type covering is specified as the 
standard finish for all wooden propellers used by England's 
Royal Air Force. 

Fred Weick!®, manufacturer of the “Erco” Schwarz- 
bladed propellers in this country, very thoroughly covered 
its construction before the Society last year. 

Consolidated Aircraft Corp. recently has flown a 25-ton 
flying boat powered by two 2000-hp engines equipped with 
“Erco” Schwarz three-bladed propellers. Fig. 2 (illustra 
tion on page 461) shows these 16-ft propellers on the 18-cyl 
Wright engines, the most powerful air-cooled engines yet 
built. The use of these composite propellers on the Model 
31 resulted in a weight saving of 240 lb per propeller over 
that of comparable aluminum-alloy propellers. 

An interesting feature of the Schwarz plastic covering is 
its indication of vibration troubles before the wood is sub- 
jected to dangerous flexural stresses. The cellulose-acetate 
covering is less resistant to the effect of vibration than the 
wood and cracks in a regular manner across the blade in 
the overstressed area. The smooth, heat-resistant blade sur 
face may increase its resistance to the formation of ice. 


4 


Transparent thermoplastics for windows will be hard to 


10 See SAE Transactions, June, 1939, pp. 


252-258: ‘‘Composite Wood 
and Plastic Propeller Blades.’” by Fred E. Weick. 
11 See Product Engineering, Vol. 11, No. 3, March, 1940, pp. 127-130 


“Transparent Plastics,” by G. P. Young 


12 See Product Engineering, Vol. 10, No. 7, July, 1939, pp. 280-284: 
“Plastics in Airplares.”’ 

See the Journal of the Aeronautical Sciences, Vol. 7, No. 5, 
‘March, 1940, pp. 189-198: ‘“‘Some Stress-Strain Studies of Metals,” 
by R. L. Templin and R. G. Sturm 


14 See NACA Technical Note No. 618, 1937: ‘Increasing the Strength 
of Aluminum-Alloy Columns by M. Holt i = ©. 
Hartmann. 
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dislodge trom the important place they are taking in the 
industry. The inherent weight saving of 50% possible over 
safety glass with Plexiglas or Lucite will offset many of 
their bad design characteristics such as surface softness and 
high thermal-expansion coefficients. 

Transparent plastics are often formed into intricate 
In the 
Lockheed “Zephyrs”,'! for instance, the nose of the fuselage 
is a transparent cast streamlined form 38 in. high by 25 in. 
wide by 14 in. deep. Curved windows are being made for 
pressurized cabins in which the pressure differential be 
tween the outside rarefied atmosphere and the super 
charged cabin is as much as 


shapes to get the desired streamlined contours. 


7 lb per sq in. or approxi 
Such windows must withstand 


this internal pressure with various possible combinations of 


mately 1000 lb per sq ft. 


external wind pressures, without excessive distortion and 
yet possess impact strength and flexibility as safety features. 

The material and production problems presented by 
such secondary structural parts of modern high-speed 
planes as windows, navigator’s turrets, gun blisters, and so 
on, made of safety glass or plastic, are usually solved by 
functional tests. Transparent housings and enclosures re 
quire a careful choice of materials and a particular tech 
nique in their installation to maintain weather tightness 
and, at the same time, allow breathing and expansion. It 1s 
a difficult problem to support a plastic like Plexiglas, for 
instance, in an aluminum-alloy trame which expands o1 
contracts at one-fifth of the plastic rate. Each manufac 
turer has his choice method of sealing the plastic to metal 
joints to maintain moisture and pressure tightness without 


overstressing the plastic.'!: '* 


2. New Material Fabrication Methods 


It is probably as much a step forward to find new uses 
for or new properties in a present aircraft material as it 1s 
to develop a new alloy. 

Several months ago R. L. Templin'* described his tests 
to determine the effect of cold working on the physical 
properties of various aircraft materials. In his very thor 
ough research program, he has substantiated and crystal 
lized theories that have been held for many years by 
designers of metal structures. The desire to make use of 
the portion of the stress-strain curve of aluminum alloy 
beyond the proportional limit, and to cold-work the mate 
rial to gain the desired properties with sufficient elongation 
remaining to cover the uncertain effect of impact loads, has 
been the dream of many a metallurgical theorist. The 
problem was to make this dream practical." 

Several years ago the Consolidated Aircraft Corp. did a 
little investigating to see whether practical shop procedure 
could be developed that would justify the prestretching and 
precompressing methods of cold working 24-ST aluminum 
alloy. Tests were conducted, material effects studied, fac 
tory procedure changed very slightly, and a flying boat 
today stands as mute evidence of the practicability of pro 
duction prestretching of aluminum alloys. The Consoli 
dated Model 31, shown in Fig. 2, was constructed of 
prestretched stiffeners, the strength of which has been 
increased in tension by approximately 289 at yield and 
iit compression in plate-stringer combinations by nearly 
6% at failure. An engineer, hearing of these property 
increases, probably visualizes elaborate production equip 
ment to handicap rushed factories. No additional equip 
ment or extra production steps are necessary to gain these 
increased allowables on prestretched materials by manufac 
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turers who now use draw benches and who straighten 
crawn sections. 

It may be well, at the outset, to define the terminology 
which will be used in describing the metallic cold-working 
phenomena. “Unidirectional cold work” is obtained by 
working the material in only one direction, as occurs in the 
straightening, prestretching, and precompressing of sheet 
or stiffeners. “Polydirectional cold work,” as the name 
implies, is a result of deforming the material in two or 
more directions as obtained in upset, cold-forged, or cold- 
drawn sections. The process of forming extruded sections 
at elevated temperatures would, of course, not work-harden 
the material, but cold drawing the heat-treated material 
through a die produces increased properties because of the 
tension in the drawing direction and compression and 
consequent gage reduction due to the die pressure in a 
direction normal to the drawing. 

Polydirectional cold work is well illustrated in roll 
hardened 24-ST aluminum alloy sheet. This sheet, once 
heated above the critical temperature, will lose its work 
hardened characteristics and have left the ordinary heat 
treated properties resembling 24-ST material. Such cold 
working can be done conveniently only by the material 
manufacturer, because of the large investment necessary in 
rolling machines. 

The simplest form of unidirectional cold work is that 
obtained when a laboratory technician loads a tensile speci 
men beyond the elastic limit. Fig. 3 shows the stress-strain 
curves for several common aircraft materials in the yield 
region. It must be remembered in studying these curves 
that only a small portion of the strain or elongation of the 
material is shown in this magnified area. The ultimate 


stress ol 


a 24-ST aluminum alloy, for instance, on the 
at strain point approx! 
mately 15 chart widths to the right of the graph. Curve 1 
represents the conventional 24-ST aluminum alloy sheet 
taken well past the yield point. At point a the propor 
tional elastic limit (PES...) of this metal has been reached 
and, beyond this point, Hooke’s Law of “stress propor 
tional to strain” is no longer theoretically applicable. Ii 


same scale would occur a 17% 
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the load were to be carried from a to point 6, tor instance, 
and released, the stress-strain curve would fall back on the 
line bo’ and a permanent set of 0.002 in. per in. result. 
A second application of load to this same tensile coupon 
would cause the new curve to again follow the 0’ line to 
point 6 and then continue on the conventional 24-ST curve. 
It will be noticed that the second curve has a definite 
“knee” at & which is quite characteristic of cold-worked 
material. The cold working in this example has resulted 
in the P.E.L. increase from 49,000 |b per sq in. of the basic 
material to 55,000 lb per sq in. Likewise material pre 
stretched beyond the “yield point” with a permanent set of 
0.002 in. per in. will have a proportional translation to the 
right of the whole stress-strain curve and an increased 
“yield point.” Such an increase is shown as point C on 
Fig. 3 for the cold-worked specimen and resulted in raising 
the 55,000 lb per sq in. original yield point (Y.P.) to 
58,000 lb per sq in. Inasmuch as cold working can only 
be applied to a material in proportion to its original elonga 
tion or ductility, the elongation necessary for the final 
product is the main criterion of the degree of cold-working 
permitted. In our example, at c, for instance, we have used 
up approximately 0.9% of the normal 24-ST elongation of 
17%. There still remains 16.1% elongation based on the 
original area to care for shop alignment operations, or to 
maintain adequate impact and energy-storage qualities 
under service shock load conditions. 

It is conventional practice to correct structural test results 
down to the minimum guarantee allowable set by the 
material manufacturer. If this minimum guarantee could 
be raised or the material could be cold-worked by the 
aircraft manufacturer to properties above those in the 
“as-received” condition, the correction factor to reduce test 
results to minimum property conditions would not be as 
severe as is now the case. The Consolidated Aircraft Corp. 
has found that a definite strength-weight gain can be made 
ii controlled and cold-worked material is used on major 


structural assemblies. Its present production practice in 
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manufacturing stiffeners intended for such structures is to 
draw the various shapes from strip stock in the “SO” 
condition. The heat-treated and age-hardened material is 
then stretched’ to leave approximately 314% permanent set. 

The effect of a varying time interval between the quench- 
ing and stretching operations on the physical properties of 
24ST Alclad aluminum alloy is shown on Fig. 4. These 
test results were obtained from 7% in. deep drawn zees 
prestretched 4.0%. The test points on this chart represent 
the summation of the tensile properties taken from sixteen 
stress-strain charts and from a like number of sheet 
stiffener compression tests. The tensile properties of the 
stiffener material, which was prestretched after age- 
hardening 24 hr following heat-treatment, were higher 
than similar properties obtained immediately after heat- 
treatment. These increases in the tensile properties 
amounted to 8% for the P.E.L., 844% at yield, and 4% 
at ultimate. The elapsed time had negligible effect on the 
ultimate compressive strength as determined from sheet- 
stiffener combinations. 

The effect of increasing amounts of prestressing in ten- 
sion on the physical properties of %-in. drawn 24-ST 
Alclad aluminum alloy is shown on Fig. 5. This chart 
shows that a rapid increase in the P.E.L. and Y.P. in 
tension of the material is obtained by prestretching up to 
about 6% in terms of elongation. At 6% these curves tend 
to flatten out and follow the ultimate tension curve, prob- 
ably approaching this curve as the ultimate elongation of 
the material is reached. The ultimate elongation of the 
prestretched material, it will be noted, was lowered an 
amount equivalent to the amount of prestretching. 

Every effort has been made to control the many variables 
which might have affected these test results. The material 
for each type of drawn stiffener tested was sheared from 
the same sheet or strip stock, thereby controlling the basic 
material. To eliminate any possible variations due to heat- 
treatment, the stiffeners intended for a specific test were 
solution heat-treated in one group in the nitrate bath. 

The ultimate compressive strength of the prestretched 
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m Fig. 7- Compression tests of prestretched hat stiffeners 


material as determined trom sheet-stiffener combinations 
was at least as low or lower for material prestretched small 
amounts as for similar heat-treated material which had not 
been prestretched. A steady increase in the ultimate com 
pressive strength was obtained tor materials prestretched 


more than 1%. This increase amounted to about 17% tor 


10° 


© prestretch. 
Extruded shapes may be 


worth-while property 


prestretched similarly with 


increases. A 114 in. deep hat 
stiffener of 0.091-in. 24-ST extrusion gave the results shown 
on Fig. 6 when stretched to various degrees in a manner 
similar to the zee tests previously described. From these 
curves it will be noted that extruded stiffener material 
prestretched 34% will develop a yield point in tension 
which is about 19% above the value that may be expected 
from the same extruded material in the “as-received” con 
dition. The ultimate tensile strengths are approximately 
the same. The compressive yield point was taken as that 
point where 0.002 in. per in. set occurred. 
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It also may be observed that the re-heat-treated materia! 
when prestretched to 0.6% set in terms of elongation has 
about the same tensile properties as the extruded “as 
received” material. 

A comparison of a 14 in. high x 3 11/16 in. wide hat 
section of 0.078-in. gage (Alcoa Die No. K14219) when 
prestretched 3'‘%, shows that the 24-ST extruded material 
in tension is about 16% stronger at ultimate and 144% 
stronger at yield than the drawn 24-ST Alclad material. 

The procedure used in obtaining the physical properties 
of the compression specimens is illustrated in Fig. 7. Sec 
tions of the hat stiffeners were riveted back-to-back and the 
ends ground flat and parallel. The short column was then 





m Fig. 9 —Shear tests of 24-ST aluminum-alloy sheet 


compressed in a testing machine. Strain readings were 
simultaneously taken on both outer flanges and averaged. 

Consolidated Aircraft Corp. also has attempted to de 
velop a_ practical 
method whereby the 
precompression of 
stiffeners might be 
applied to produc 
tion. This investiga 
tion proved to be far 
difhcult than 


prestretching 


more 
since 
the column instabil 
ity and tendency to 
local buckling of 
light aircraft sections 
must be resisted dur 
ing the application of 
the high compressive 
stresses. 

Due to the prob 
lems involved in pre 
stiffen 
ers in long lengths, 


compressing 


it was found neces 
Sary to precompress 
the three — stiffeners 
sheet-stif 
fener combination 
separately. In order 


to have 24-in. com 


for each 


pression specimens 
and sufficient mate 
rial for tensile speci 
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m Fig. |0A—Huggenberger gages on test wing 
lower surface 


mens, the stiffeners were compressed in 36-in. lengths. The 
warped condition of the 14 x 4% x 0.og1 in. drawn 
hat-stiffeners necessitated prestretching to approximately 
1/10% set before the precompression operation. The stif- 
feners were restrained in hardwood forms cut to the shape 
of the stiffener, and bolted together. These forms ran the 
entire length of the stiffener except for ¥ in. at each end. 
The precompression load was applied slowly to the 
laterally-restrained stiffener in a 200,000-lb hydraulic test- 
ing machine. 

Fig. 8 shows the results of this precompression of 1% in. 
24-ST Alclad drawn hat stiffeners. The sheet-stiffener 
compression tests were made using three precompressed 
stiffeners spaced at 5-in. intervals on an o.og1-in. 24-ST 
Alclad sheet. The columns were 24 in. long. It will be 
noted that the ultimate compressive strength of stiffeners 
precompressed to 60,000 |b per sq in. or to a deformation 
of about 2% (permanent set) when tested as a part of 
sheet-stiffener conrbinations, was about 15% over similar 
material that had not been precompressed. The ultimate 
tensile strength and elongation of the material was un- 
affected by this precompression, but a decrease was noted 
in the tensile yield point of 8.5%, and in the P.ELL. 
of 26%. 

Attempts are now being made to develop a practical shop 
precompressing procedure for aluminum-alloy stiffeners in 
long lengths. 

Another interesting investigation in cold working alumi- 
num-alloy sheet was the correlation of the shear and tensile 
ultimate stresses for various degrees of prestretching. For 
this test a strip of 1 x 0.064 in. 24-ST sheet, 100 in. long, 
was cut from a single sheet of stock to insure consistency. 
This strip was heat-treated to eliminate any increase in 





m Fig. 10B-WHuggenberger gages on test wing 


upper surface 
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m Fig. |! —"Celstrain" 


stress from cold working which may have resulted from 
the rolling process, and the specimen was then allowed to 
age 24 hr. Two 8-in. specimens were cut from the strip, 
one of which was made into a standard *%-in. tensile speci 
men and the other used as a shear specimen. The re 
mainder of the 100-in. strip was then stretched in 4000 Ib 
per sq in. increments from 43,000 lb per sq in. to approxi 
mately 55,000 lb per sq in. After each increment of stretch, 
a tensile and a shear sample was removed. 

The shear specimens were tested in simple shear in a 
20,000-lb hydraulic Southwark-Emery testing machine by 
means of a standard %4-in. tensile specimen blanking die. 
The shear specimen was placed across the blanking die as 
shown in Fig. 9 and shimmed tightly to reduce the effect 


of bending. The blanking die and specimen were then 
placed on a self-centering spherical block and the load 
applied until failure occurred. The vertical specimen illus 


trates the “shear shoulders” obtained prior to the ultimate 
failure. 

The ultimate shear strength of 24-ST aluminum alloy is 
not affected appreciably by cold working the material in 
tension and appears to have a nearly constant value of 
44,000 lb per sq in., regardless of the tensile yield or 
ultimate strengths of the material. The shear strength of 
24ST Alclad is approximately 10% 
values, as might be expected. 


below the 24 ST 


It has been found that the cold working of properly 
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heat-treated aluminum alloy has no appreciable effect on 
the susceptibility of the alloy to corrosion. Tests in which 
24-ST Alclad sheet were prestretched from 1% to 10% 1n 
tension and then were subjected to 400 days of exposure to 


( 


20" 


NaCl salt spray showed no change in the tensil 
physical properties. 

While the precompression of aluminum-alloy stiffeners 
shows i the 


procedure to prestress stiffeners in compression will neces 


promising compression stress increases, shop 
sitate equipment different from that usually possessed by 
aircraft manufacturers. The prestretching of stiffeners to 
3140 set during the straightening operation could, how 
ever, be done by the material manufacturer on extruded 
sections in very slightly more time than is required to 
! the 


warpage. It sufficient demand were made tor prestretched 


apply the usual af, set to remove heat-treatment 
sections from the Aluminum Co. of America, it might bé 
that it could make this slight change in their straightening 
procedure, which would thus result in lighter aircratt 


structures at little cost to the plane manufacturer. 


3. Material Strain-Testing Technique 


Of the many precision instruments placed in the hands 
of the materials test engineer, probably none is more used 
than the strain made 


each material covered in this paper to determine the P.E.L., 


Stress strain curves were on 


gage. 


the yield point, the modulus of elasticity, and to obtain 
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accurate control on prestretching investigations. Such 
curves were made with the aid of an extensometer of one 
type or another. 

There are nearly as many types and sizes of strain gages 
for material testing as there are ingenious test engineers. 
The shape and size of the test specimen usually determine 
the type of gage used. For instance, in an ordinary tensile 
coupon test probably the dual-pointed gage which straddles 
the specimen is the most common type. 

Such gages as the Riehle and Berry extensometers, by 
contacting both sides of a sheet specimen and thus record 
ing average values, tend to eliminate such irregularities as 
misalignment in testing heads, slight curvature due to heat 
treatment strains, and local imperfections. ‘These instru 
ments can usually be read to 0.0001 in, accurately. 

The present trend toward monocoque aircraft structures 
brings with it problems of strain measurements which 
these laboratory dual-point extensometers cannot solve. To 
meet this new demand for a light, compact strain gage 
which can be used on one side of a flat or curved surface, 
there have appeared a Variety ol gages, the most common 
of which is probably the Huggenberger Tensometer. ‘This 
instrument, weighing only 2'4 oz for the common 1000:1 
amplification type is capable of being attached to most 
locations. However, this instrument, in common with all 
gages which depend upon knife edges or points for attach 
ment to the test specimen, is very sensitive to vibrations 
and easily dislocated. 

Vose!” made a very complete study ot the Huggenberger 
gages and pointed out that the mounting pressures applied 
to the instrument may vary the calibration constant several 


See ASTM Proceedings, 1934, Vol. 34, Part II, pp. 862-873: 
“( haracte stics ot he H genberver lensometer,”’ by R W V ose 

® See NACA Technical Note No. 744, January, 1940: “The Develop 
ment of Electrical St n Gages,’ by A. V. de Forest and H. Leadern 


Huee EN BERG 


Tree D. 
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per cent. This variable, together with the rather question- 
able factors of instrument mounting to resist vibration 
creep, presence of bending in the specimen, and the paral 
lax effect in the readings, have spurred the development of 
a remote indicating extensometer which is vibration insen 
sitive and able to record true strains in the presence of 
specimen bending. Such a gage has now appeared in 
various electrical forms. 

The carbon resistor-type telemeter has been used success 
fully in measuring vibratory strains but, due to the sensi 
tivity of the carbon elements to moisture and temperature, 
this gage is not suited to static strain measurements. 

The use of a modified carbon-pile of pickup aids the 
propeller manutacturer in determining the strain and stress 
present in rotating propellers. In this instance a flat bar of 
carbon is cemented to the surface of the blade with a 
suitable insulator and the change in resistance, due to 
variation in stress, is measured by a suitable electric circuit. 
By using a special carbon, a very stable type of pickup has 
been obtained which is not affected by ordinary variations 
in moisture and temperature. This equipment is very 
expensive and, through the use of photographic recording, 
requires considerable time for record development and 
analysis. 

Prof. A. C. Ruge and A. V. de Forest'® of Massachusetts 
Institute of Technology have each done much _ pioneer 
work with another type of electric strain gage. Their par 
ticular gage consists of a certain gage length of extremely 
fine wire cemented to a test specimen with a suitable inter- 
mediate insulator. 

The fundamental principle that the change of resistance 
of a wire is proportional to its change in cross-section 
caused indirectly by its change in length is utilized to its 
maximum in applying the electric strain gages to practical 
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m Fig. 12—Typical set-ups of mechanical and electrical strain gages 
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structural problems. Hence, with the use of a Wheatstone 
bridge set-up, the change of resistance of the wire when 
elongated may be determined. From then on, it is a simple 
matter to determine the existing stress. 

“Strain sensitivity,” that is, the proportionality of A 
ohm/ohm to A inches/inches, has been known on certain 
metals for quite some time; however, its applicability in 
strain measurements has only been the result of the last 
several years. 

The requirements of adequate strain gages for aeronauti- 
cal structural testing are difficult to fill. They may be 
summarized as follows: 1. accuracy to 1% of the strain 
measured; 2. easy and immediate readability; 3. resistance 
to vibration and to sheet buckling; 4. small size; 5. inde- 
pendence to temperature and humidity changes; 6. cheap 
to produce; 7. easy of attachment; and 8. absence of “creep” 
or “hysteresis” in the gage or its attachment. Two other 
requirements are today becoming increasingly more impor- 
tant: the capability of calibration of each gage prior to 
installation and the remote recording of strains. 

The conventional Huggenberger Tensometers have the 
necessary accuracy and are easily read. However, they are 
subject to vibration, of questionable ease of attachment, 
and useless where buckling of the sheet occurs. Fig. 10A 
shows the use of Huggenberger extensometers on a wing 
test. Inasmuch as each gage must be approached from 
directly in front to make the strain reading without paral- 
lax, the positions at which Huggenberger’s gages can be 
used on large structural tests such as wings, tail surfaces, 
and hulls, are limited. The use of such gages on a recent 
wing proof test, in which sandbags were used for applying 
the air loads, necessitated that strain gages on the tension- 
loaded surface be placed as shown on Fig. 10B and pro- 
tected by wood covers so that the extensometers could be 
read when the sandbags were stacked. The vibrations 
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inherent with the loading of full-scale test specimens have 
resulted in a high percentage of discard of strain data taken 
on knife-edge extensometers. 

The “Celstrain” gage (“Consolidated electric strain” 
gage) equipment shown on Fig. 11 shows promise in its 
applications to such tests as have been just described, 
besides having the advantage of remote reading and vibra 
tion insensitivity. This feature allows electric-resistance 
type gages to be placed internally in wing structures and 
in positions difficult to approach during the test. 

There is nothing novel about the operation of these 
electric gages. The Celstrain gages C are attached to the 
specimen being tested, whether it be a wing surface or a 
tensile specimen, by the use of a cement. The leads from 
the gages are assembled at a convenient point and there 
attached to the recording equipment shown on Fig. 11. 
The desired gage is individually selected on a multipoint 
switch § and placed in one leg of a Wheatstone Bridge. 
The adjacent leg has a fixed resistance R of approximately 
the value of the Celstrain gage in parallel with two decade 
boxes, DB-1 and DB-2. The galvanometer G, of the light 
beam type, measures the unbalance in the legs of the 
bridge. The voltage of the battery B is kept constant across 
the bridge by means of the rheostat Ry and the volt 
meter V. 

The initial balance is obtained at no load or with a small 
load by adjusting DB-1 and DB-2 until the galvanometer G 
reads zero on the +25 mm ground-glass scale. At any 
desired point during the loading, the reading on the G 
scale may be converted into stress by multiplying the 
deflection units by the gage constant K. This constant 
must be obtained through tensile or bending calibration 
tests as galvanometer deflection (minimum) per 1000 |b 
per sq in. stress for the particular gage type and size used. 
The desire to measure the strain at another point on the 


SAE Journal (Transactions), Vol. 47, No. 5 


specimen at this same load may be fulfilled by selecting 
the correct “Celstrain” gage on the switch S, resetting 
DB-1 and DB-2 to their no-load balance setting, and again 
reading the galvanometer G deflection and converting to 
stress by the new gage constant K. 

By means of suitable resistances in the galvanometer 
circuit the sensitivity of the circuit can be reduced from 
1 mm galvanometer deflection for 250 lb per sq in. stress 
on aluminum to any degree to cover the stress range 
desired. It is possible with this Celstrain equipment to 
measure stress variations on aluminum alloy in 60 lb pet 
sq in. increments under favorable conditions. 

‘The operator of this Celstrain gage panel may read the 
strains at any one of 30 gage locations with the equipment 
shown on Fig. 11 without once leaving his post. The 
gages mounted inside the specimen are thus just as read 
able as are the external instruments. 

Three types of electric resistance gages and several me 
fisa 
one-application Celstrain gage which may be assembled on 
the test specimen, used during the test, and then removed 
with a solvent. On this type is used a cold cement, which 
hardens ready for use in approximately 6 hr. The calibra 
tion constant K of this type, which takes approximately 
r5 min for installation, is obtained by calibration of a 
similar gage on a tensile specimen. Constants so made on 
similar Type 4 gages on the same material show that the 
galvanometer’s deflection per 1000 lb per sq in. stress is 


chanical strain gages are shown on Fig. 12. Type 


very nearly constant for a constant voltage. This type, 
together with Type B, is usually used in 1-in. lengths of 
1Y%-mil “Advance” wire in one-wire (Type 4, of 11 
ohms), two-wire (Type ./2 of 22 ohms) or of four-wire 


(Type 4,4 of 44 ohms) gages. 


m Fig. 14 —Celstrain gages on vertical and web of shear beam 
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Type B is a re-usable Celstrain gage which may be ce 
mented to the specimen by heating the area adjacent to the 
gage with a soldering iron and using “de Khotinsky” 
cement. This type may take 1 hr for original assembly but 
will only take approximately 5 min for each subsequent 
installation. Calibration constants on this gage may be 
made on tensile specimens. It may be assembled in any 
resistance desired by doubling up the loops of the Advance 
wire. 

The cross-bars shown on Types B and C add rigidity in 
assembling the gages to the test specimen and are removed 
prior to the application of the test load. 

Type C is the “Ruge-de Forest” gage which is now 
commercially available from the Baldwin-Southwark Co., 
Philadelphia, Pa. It is marketed in approximately 110-ohm 
units with or without temperature compensation. This 
gage, similar to Type B just described, must be hot- 
cemented to the test specimen with “de Khotinsky” 
cement and is re-usable. 

Items D, E, and F of Fig. 12 show the typical 1ooo:1 
Huggenberger tensometer mounted on tensile specimens 
for contrast with the “electrics.” The conventional suction- 
cup type of gage attachment is shown at D. The spring 
type of attachment until recently used at Consolidated 
Aircraft to mount the Huggenberger is shown at E. How- 
ever, the use of the compact rubber-loaded lug attachment 
shown at F has given better results in locations subject to 
vibrations. The “dual-pointed” Riehle extensometer is 
shown at G for comparison. 

All of the electric gage units appear to give approxi- 
mately the same results, as graphically shown in Fig. 13. 
These gages are equally good for recording tension or 
compression strains and, if placed parallel to a sheet 
wrinkle pattern, may be used up to the material yield 
with the gage constant K and into the yield region with 
a new gage constant determined for each stress on a tensile 
coupon of the same material and with an identical gage. 

There is a marked difference in the cost of the Celstrain 
gage and its recording equipment and that of any other 

(Concluded on page 496) 
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AIRCRAFT DIESELS 





m Fig. 2 — Line-up of some of the Junkers Ju 86-K 

twin-engined bombers of Squadron No. 33 of the 

German Air Force. These twin-engined planes 
are powered with Jumo 205 diesels 


EVELOPMENT in Various Countries — There has been 

so much controversy about the merits of the aircraft 
diesel that last year the writer decided to visit the centers 
of such activities and obtain the data at first hand. In 
France, he talked with Messrs. Clerget, Coatalen, Jalbert 
and others interested in this work. In Germany, he spent 
some time at the Junkers and the B.M.W. engine factories 
where he had the opportunity of meeting Mr. Achterberg, 
Dr. Schwager, and Mr. Lang. He also visited the Dornier 
works where diesel-engined flying boats are built, the 
repair shops of Deutsche Lufthansa where the diesels used 
on their airlines are serviced, and the aircraft diesel lab 
oratory at D.V.L. where he met Dr. Schmidt. In England, 
he visited the Napier and the Bristol engine factories and 
talked with people connected with diesel activities includ 
ing Dr. Fedden whom many of you know. Recently, he 
spent some time at the NACA engine laboratory at Lang 
ley Field where a comprehensive diesel development pro 
gram is under way. 

Not only has the writer seen some interesting aircraft 
diesels and had their features explained to him, but he also 
has had the opportunity of flying in up-to-date diesel- 
engined aircraft. It found that the diesel started 
easily, ran smoothly, accelerated quickly, and did not 
vibrate or smoke under normal conditions. 

Fig. 1 shows a photograph of the final assembly lines in 
the specially-equipped factory in Germany where thou- 


was 


Detroit, Mich., Jan. 17, 1940.) 


{This paper was presented at the Annual Meeting of the Society, 
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sands of Junkers Jumo 205 aircraft diesels have been pro 
duced. There are approximately 10 engine stands in each 
of the three rows. In this factory, as in others in Germany, 
the machine-tool equipment and the interchangeability ot 
parts were excellent, and the inspection control was of a 
high order. While the equipment was of a permanent 
nature for mass production, it was obvious that it could b 
adapted readily for the manufacture of larger engines. 
Fig. 2 shows a photograph of part of Squadron No. 33 
of the German Air Force. The planes are Junkers Ju 86-IX 
twin-engined bombers powered with Jumo 205 diesels. 
With the latest engines of the series, these bombers are in 
the 250-mph class and are extremely economical on fuel. 





DEFINITE future exists for air-cooled, four- 

stroke aircraft diesel engines in the 400 to 600-hp 
class; the aircraft diesel is at least on a basis of 
parity with the gasoline aircraft engine in the 
1000-hp water-cooled and liquid-cooled high-per- 
formance class and since the diesel can be con- 
veniently fitted with a turbo-supercharger, there 
are definite advantages to be derived from the 
use of a two-stroke diesel of proved worth. These 
conclusions, made by Mr. Wilkinson, are based on 
comparative tables presented in this paper. 
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a Fig. 3- One of Deutsche Lufthansa's four- 
engined Dornier Do 26 flying boats alight- 
e Fig. | — Final assembly lines in the Junkers diesel ee — 
factory in Germany showing three flow lines of Jumo 4 

205 diesels in their rotatable engine stands 





for instance, if 100 of them are in operation simultane at 2500 rpm and a specific weight of 1.79 lb per hp. This 
ously, there is a saving of 5 tons of fuel every hour com engine was developed trom the well-known 600-hp Jumo 
pared with the operation of gasoline-engined planes ot 205-C diesel. A still more recent engine of the same series, 
equal power. the Jumo 205-D, develops 880 hp for take-off and has 
Fig. 3 shows one of the neatest four-engined flying boats specic weight of 1.43 lb per hp. The highest bmep 
that the writer has ever seen. The plane is a Dornier attained with these engines is 115 lb per sq in. This shows 
10 26 powered with Junkers Jumo 205 diesels, and it has what can be done with a 2-stroke diesel having a total 
a particularly good performance with these economical displacement of only 1014 cu in. when it is equipped with 
engines. It will be noticed that the shape of the engine a gear-driven blower for ground boost. 
lends itself to excellent streamlining with very low frontal Fig. 5 shows the Junkers Jumo 207 diesel which is prac 


area and drag. tically identical with the Jumo 205 engine except that it 1s 


Fig. 4 shows the 6-cyl, water-cooled Junkers Jumo 205-E strengthened in certain parts and is equipped with a turbo 
diesel produced in Germany which has a rating of 7oo hp supercharger. The Jumo 207 develops 1000 hp for take-off, 
and this output is maintained to altitudes in excess of 
20,000 ft. This engine has a specific weight of 1.43 lb per 
hp including its supercharger and a bmep of 131 lb per 








The author, who last year visited diesel aircraft sq in. Here is a solution to the problem of increasing the 
centers in France, Germany, England, and the power output of a diesel for take-off, namely, the use of a 
United States, opens his paper by commenting on turbo-supercharger. The specific fuel consumption of these 
modern diesel-powered airplanes being flown in engines is 0.35 Ib per hp-hr at cruising output. 
these countries. Fig. 6 deviate another engine which is typical of current 

In reviewing the advantages of diesel aircraft practice in Germany. This is the g-cyl, liquid-cooled 
engines, he groups them as: economic advantages b.M.W.-Lanova 114 V-4 diesel which has a displacement 
such as reduced fire hazard, low fuel operating of 1690 cu in. It is rated at 650 hp at 2200 rpm and 1 
costs, and large payload and flight-range possibil- equipped with a gear-driven supercharger w hich gives it a a 
ities; and mechanical advantages, such as reli- rated altitude of nearly 7ooo ft. It has a specific weight 
ability and efficiency. (with cooling system) of 1.63 lb per hp and a bmep of 139 


lb per sq in. A noticeable feature of this four-stroke engine 
is its cooling system which consists of six small radiators 
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located between the cylinders where they do not increase 
the frontal area. 

Fig. 7 shows the 16-cyl, water-cooled Clerget 16 H diesel 
which was completed under government supervision in 
France. This engine operates on the four-stroke cycle and 
is equipped with four Rateau turbo-superchargers. It has 
a total displacement of 4970 cu in. and is designed to 
develop at least 2000 hp at 2200 rpm at a rated altitude of 
16,000 ft. Its specific weight is 1.87 lb per hp, and its 
bmep is 145 lb per sq in. 

Fig. 8 shows the g-cyl, air-cooled Guiberson A_ 1020 
diesel which is representative of recent progress in the 
United States. This engine has a displacement of 1021 
cu in. and operates on the four-stroke cycle. Despite the 
fact that it is not supercharged, it develops’ 340 hp at 2250 
rpm and has a specific weight of 1.82 lb per hp. Its specific 
fuel consumption is 0.37 lb per hp-hr at cruising output. 

The manufacturers of the Guiberson diesel recently have 
received an appreciable order from the War Department 
for air-cooled engines of similar design for Army tanks. 
Arrangements have been made for Guiberson diesels to be 





1 This engine was granted A.T.C. No. 220 in April, 1940, with a 
rating of 310 hp at 2150 rpm. 
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m Fig. 4— Three-quarter rear view of a Junkers Jumo 205-E diesel 
rated at 700 hp. Another model, also with geared blower, is rated 
at 880 hp for take-off 
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m Fig. 5-—The Junkers Jumo 207 used for military aircraft is similar 
to the Jumo 205 but is equipped with an exhaust-driven supercharger 
so that it develops 1000 hp for take-off 
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m Fig. 6— Three-quarter rear view of B.M.W.-Lanova | 14 V-4 diesel 
which has 9 liquid-cooled cylinders with radiators between them. It 
is rated at 650 hp for take-off 


Buda Co. 
Buda 


manutactured by the while 


handle the 
Lanova 


Guiberson will 


sales. diesels are equipped with the 


combustion system, and under 


way tor the Guiberson engine to be fitted with a Lanova 
head. 


negotiations are 


This is a logical arrangement in view of the success 
ful application of the Lanova head to the B.M.W. aircraft 
diesel whereby its peak pressure was reduced to goo |b 
per sq in. 

The only other aircraft diesel development in the United 
States about which it is permissible to give any details, is 
the work which is being done by the National Advisory 
Committee for Although the NACA is not 
engaged in the development of complete engines, its results 
with full-size cylinders can be applied readily to complet 
powerplants. Promising results have been obtained with a 
single-cylinder, air-cooled, 
having a bore of 5.00 in., 


Aeronautics. 


four-stroke diesel test engine 


a stroke of 5.50 in., and a dis 
The cylinder of this engine has 
Wright Whirlwind 
R 975 E3 gasoline aircraft engine cylinder, but it is ot 
appreciably less height due to the use of horizontally 
op posed poppet valves for intake and exhaust. The test 
engine develops 55 hp at 2250 rpm with a 


placement of 108 cu in. 


the same internal dimensions as a 


boost pressure 
of 7.5 lb per sq in. aaa a bmep of 180 lb per sq in. 

In the case of the two-stroke diesel, the NACA prefers 
water cooling on account of the difficulty of 


keeping the 
cylinder barrel cool. The 


which they 
a stroke of 7.00 in., and 


two stroke 
are using has a bore of 4.625 in., 
displacement of 118 cu in. 


engine 


The cylinder has a band of 
piston-controlled ports toward its lower end and four 
poppet exhaust valves in the head. At a crankshaft speed 
of 1800 rpm, the engine develops 86 net hp with a boost 
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pressure of 10 lb per sq in. and a bmep of 160 lb per sq in. 
Its specific fuel consumption of 0.45 lb per hp-hr at 75% 
load is excessive, and efforts are now being made to reduce 
it by means of better porting and scavenging, and by the 
use of a sleeve valve. 


w Aircraft Diesels Vs. Gasoline Aircraft Engines 


When comparing the modern aircraft diesel with the 
modern gasoline aircraft engine, it should be remembered 
that the gasoline engine is the measuring rod and that, 
unless the diesel can compete with it on a basis of parity, 
the use of the latter engine hardly can be justified. From 
the two tables opposite, it will be seen that not only can 
parity be attained by the diesel but, in many instances, its 
specific figures exceed those of the gasoline engine: 

In Table 1, Column A, a proposed supercharged version 
ot the Guiberson A 1020 diesel is compared with the 80 
octane Pratt & Whitney Wasp S3H1 gasoline engine. Here 
it is seen that the diesel has a slight advantage with regard 





= Fig. 7—The Clerget 16 H diesel developed for the French Air 
Ministry has 16 water-cooled cylinders and 4 exhaust-driven super- 
chargers. It is said to have a power output of 2000 hp 


to specific output and specie weight, and a big advantage 
with regard to specific fuel consumption. The figures for 
the Guiberson diesel are based on the assumption that the 
power output of the present unsupercharged engine can be 
boosted to 500 hp by the addition of a gear-driven super 
charger which would add approximately 80 lb to its weight. 

In the same tabulation, Column B, the results recently 
obtained by the NACA with its single-cylinder, displacer- 
type diesel test engine have been used to estimate the char 
acteristics of a g-cyl diesel which is then compared with an 
8o-octane, g-cyl Wright Whirlwind R 975 E3 gasoline 
aircraft engine of the same displacement. Here, too, it is 
seen that the diesel has a slight advantage with regard to 
specific output and specific weight. In this instance, the 
total weight of the diesel has been assumed to be 10‘: 
With regard to 
specific fuel consumption, the diesel has a big advantage. 
From this tabulation, it is reasonable to conclude that a 
definite future 


more than that of the gasoline engine. 


exists for air-cooled, four-stroke aircratt 
diesels in the 400 to 600 hp class. 

In Table 2 is seen a comparison between high-pertorm 
ance water-cooled and liquid-cooled diesel and gasoline 
aircraft engines. In this instance, the diesel functions on 
the two-stroke cycle while the gasoline engines operate on 


the four-stroke cycle. The diesel is represented by the 
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Table 1 - Comparison Between Medium-Powered Air-Cooled Diesel and 
Gasoline Aircraft Engines 


Column A Column B 
Make and Model Pratt & NACA Wright 
Guiberson Whitney develop- Whirlwind 
A1020(S) Wasp S3H1 ment R 975 E3 
Type Diesel Gasoline Diesel Gasoline 
Number of cylinders 9 9 9 9 
Total displacement, cu in. 1020 1344 975 975 
Maximum horsepower 500 (E) 600 500 450 
Rpm 2400 (E) 2200 2250 2250 
Specific output, hp per cu in. 0.49 0.45 0.51 0.47 
Weight of engine, Ib. 700 (E) 864 742 (E 675 
Specific weight, Ib per hp. 1.40 1.44 1.48 1.50 
Specific consumption, |b perhp-hr 0.38 0.48 0.36 0.46 
Bmep, |b per sq in. 162 162 180 165 





E) = Estimated figures 


Table 2 - Comparison Between High-Performance Water-Cooled and Liquid-Cooled 
Diesel and Gasoline Aircraft Engines 


Allison 


Junkers Rolls-Royce Hispano- 
Make and Model Jumo 207 V1710C6 Merlin X Suiza 12Y 
Type Diesel Gasoline Gasoline Gasoline 
Cooling Water Ethylene Ethylene Water 
Glycol Glycol 
Number of cylinders 6 (12) 12 12 12 
Total displacement, cu in. 1014 1710 1647 2197 
Maximum horsepower 1000 1000 1010 1200 
Rpm 3000 2600 3000 2600 
Specific output, hp per cu in. 0.99 0.58 0.61 0.55 
Weight ot engine, Ib. 1430 1280 1394 1080 
Specific weight, Ib per h>. 1.43 1.28 1.38 0.90 
Specific consumption (rated), 
ib per hp-hr. 0.38 0.58 0.66 0.55 
Specific consumption (cruising), 
Ib per hp-hr. 0.35 0.46 (E) 0.53 (E 0.44 (E 
Bmep, Ib per sq in. 131 177 161 167 
Rated altitude, ft. 20,000 12,000 (E 17,750 11,500 


E) = Estimated figures 





Junkers Jumo 207 which is equipped with a turbo-super 
charger. The Allison V 1710 C6, the Rolls-Royce Merlin X 
with its two-speed supercharger, and the Hispano-Suiza 
i2 Y, are well-known 87-octane gasoline engines which are 
used extensively in military airplanes. 

From the tabulation, it is seen that the diesel is far ahead 
of the gasoline engines with regard to specific output which 
undoubtedly is due to its two-stroke functioning. In the 


matter of specific weight, at first glance it appears that the 





mn Fig. 8— Guiberson A 1020 air-cooled radial diesel developed in 
the United States. It recently passed its civil tests with A.T.C. No. 
220 and a rating of 310 hp 
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diesel is somewhat at a disadvantage. It should be remem- 
bered, however, that the diesel requires less cooling area 
than the gasoline engine on account of its higher thermal 
efficiency and so this difference in weight is equalized to a 
great extent in the engine installations. With regard to 
specific fuel consumption, the difference between the diesel 
and the gasoline engines at rated output is considerable, 
and the same proportionate advantage accrues to the diesel 
when the consumption of the engines at cruising output is 
compared. 

It should be mentioned that the specific fuel consump- 
tion of the gasoline engines at cruising output has been 
assumed to be 80% of their consumption at rated output 
in all instances. This is considered to be a fair ratio con- 
sidering that military aircraft engines of this type are 
notorious gasoline consumers. In the case of the diesel, its 
specific fuel consumption at cruising output is 92% of its 
full-load consumption. 

The conclusion to be drawn from this tabulation is that 
the aircraft diesel is at least on a basis of parity with the 
gasoline aircraft engine in the rooo-hp water-cooled and 
liquid-cooled high-performance class and, that since the 
diesel can be fitted conveniently with a turbo-supercharger, 
there are definite advantages to be derived from the use of 
a two-stroke diesel of proved worth. 


mw Advantages of the Aircraft Diesel 


The advantages of the aircraft diesel come under two 
headings: First, there are economic advantages such as 
reduced fire hazard, low fuel operating cost, and large 
payload and flight-range possibilities. Second, there are 
mechanical advantages such as reliability and efficiency. 
As it is impossible to discuss all of these advantages within 
the scope of this paper, three of them — reduced fire hazard, 
low fuel operating cost, and reliability — have been selected. 

Diesel fuel is safer than gasoline for aviation because 
diesel fuel does not give off inflammable vapor at atmos 
pheric temperatures and it has a considerably higher flash 
point. Recognized specifications for aircraft diesel fuel 
require that it shall have a minimum flash point of 150 F 
or 66 C which gives it a good safety factor in storage and 
transit, and in the tanks of an airplane. 

If diesel fuel should leak onto the hot exhaust manifold 
of an aircraft diesel in flight, there is little danger of spon 
taneous combustion inasmuch as the surface of the mani 
fold is at a relatively low temperature. When a diesel is 
throttled down for landing, the temperature of the mani 
fold is still lower while, after the airplane has alighted, 
there is no danger of spontaneous ignition of its fuel at all. 
Even if a diesel-engined airplane crashes when landing 
and the fuel is sprayed all over the wreckage, there is little 
danger of the fuel igniting from contact with hot surfaces. 
This point is brought out in Table 3. 

It often has been claimed that most airplane fires orig 
inate with the lubricating oil. Assuming this to be the case, 
it is seen from Table 3 that, if lubricating oil leaks onto the 
hot exhaust manifold of a diesel in flight, it is improbable 
that fire will occur. In the case of a gasoline engine, how 
ever, the lubricating oil could catch fire more readily and 
immediately ignite any gasoline vapor in its vicinity caus- 
ing a conflagration which could spread with great rapidity 
and perhaps end in a devastating explosion. 

Even assuming that the lubricating oil did catch fire on 
a diesel-engined airplane, the fuel in the vicinity of the fire 
would have to be heated to its flash point before its vapor 
could ignite and then the vapor pressure would be so low 
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Table 3 - Comparison Between the Exhaust Gas Temperatures and the Exhaust Manifold 
Temperatures of a Diesel Aircraft Engine and a Gasoline Aircraft Engine, 
and Between the Spontaneous Ignition Temperatures of Diesel 
Fuel, Gasoline and Lubricating Oil of Aviation Grade 


Gasoline 
aircraft engine 


Diesel 
aircraft engine 


Exhaust-gas temperature 


900 to 1000 F 1400 to 1800 F 

(480 to 540 C) (760 to 980 C) 

Exhaust-manifold temperature 600 to 700 F 900 to 1000 F 
(320 to 370 C) (480 to 540 C) 

Spontaneous ignition temperature of fuel 550 to 600 F 750 to 850 F 
(290 to 320 C) (400 to 450 C) 

Spontaneous ignition temperature of lubricating oil 700 to 800 F 700 to 800 F 
370 to 430 C) (370 to 430 C) 


Table 4- Comparison Between the Specific Fuel Operating Costs of a Diesel Aircraft 
Engine and a Gasoline Aircraft Engine Based on Specific Fuel Costs 
and Specific Fuel Consumptions in Civil Aviation 


Aviation gasoline 
Diesel fuel 


55cetane 87octane 90 octane Q95o0ctane 1000ctane 

Weight of fuel, Ib per gal 7.16 6.02 6.02 6.02 6.02 
Fuel cost per gal, $ 0.055 0.110 0.129 0.180 0.200 
Specific fuel cost perlb,$. 0.0077 0.0183 0.0199 0.0299 0.0332 
Specific fuel consumption, 

ib per hp-hr 0.35 0.45 0.43 0.40 0.40 
Specific fuel cost, 

$ per hp-hr 0.0027 0.0082 0.0086 0.0120 0.0133 
Saving with diesel fuel, “; 67.1 68.6 77.5 79.7 





that the fire would burn relatively slowly and without 
explosion and there would be considerably more chance ot 
extinguishing it. There has yet to be recorded a fire on a 
diesel-engined airplane where the fuel ignited and burned. 

Considering next the tactor of low fuel operating cost, 
in Table 4 it is seen that diesel fuel is of lower specific cost 
than aviation gasoline and that the specific fuel consump 
tion of the diesel is less than that of the gasoline engine. 
The specific fuel cost is given for the fuel in carload lots 
at refinery, less tax which varies considerably in different 
states. The specific fuel consumption is based on what 
may reasonably be considered to be good average perform 
ance by the users of the engines, that is, the air lines. 
Finally, by combining these two factors, the specific fuel 
operating cost for the two types of engines is obtained. 
Tremendous economic advantages obviously would accrue 
trom the use of diesel fuel, and many millions of dollars 
would be saved annually by its use. 

The third advantage mentioned relative to the aircratt 
diesel is the one of reliability. While this factor depends 
te an appreciable extent upon the engine accessories, it is 
primarily dependent upon the design of the engine. One 
of the outstanding features of the aircraft diesel is that it 
does not require electrical ignition devices such as mag- 
netos, spark plugs, and shielded wiring, and it is therefore 
immune to breakdown ot these parts. Nor does it require 
complicated boost controls and altitude-compensating con 
trols and fuel analyzers in order that a good combustion 
mixture may be present in its cylinders. Furthermore, the 
aircraft diesel is immune to vapor lock in its fuel lines 
because diesel fuel is non-volatile at ordinary atmospheric 
temperatures. 

Time and time again, the reliability of the aircraft diesel 
has been proved in the air. The numerous flights of diesel 
engined airplanes across the North Atlantic and the South 
Atlantic oceans have had their counterpart in long non-stop 
flights by diesel-engined landplanes. Up to the end of 1938, 
more than go scheduled air-mail flights were completed 
over the 1go0o-mile crossing of the South Atlantic by 
Deutsche Lufthansa with diesel-engined airplanes. The 
same air line completed 48 scheduled air-mail survey flights 
over the 2400-mile crossing of the North Atlantic between 
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New York and the Azores during the three-year period 
from 1936 to 1938, also with diesel equipment. During these 
flights a specific fuel consumption of 0.36 lb per hp-hr was 
obtained consistently. Long flights of this nature are severe 
tests of the reliability of any aircraft engine, be it diesel or 
gasoline. 





Table 5 —- Mileage Flown With Junkers Jumo 204 and Jumo 205 Diesel Aircraft Engines 
on Regular Scheduled Flights of Civil Aircraft from 1931 to 1938 


m8 Year 1931 1932 1933 1934 1935 1936 1937 1938 
Mileage flown 1,634 33,614 61,614 278,670 603,233 846,679 1,166,023 1,247,428 
Hours flown 18 365 872 2,998 8,880 14,180 19,454 23,200 


Summation: Total mileage flown 1931-1938: 4,243,895 
Total hours flown 1931-1938: 69,967 





In Table 5 will be seen figures relative to the mileage 
and the number of hours flown with civil aircraft equipped 
with Junkers Jumo 204 and Jumo 205 diesels during the 
eight-year period from 1931 to 1938. It will be noticed 
that there was a steady increase each year and that the total 
mileage amounted to 4,243,895 with 69,967 hours in the 
air. These figures include 152,360 miles of survey flights 
across the North Atlantic — flights with diesel-engined air 
planes which were ignored conveniently in this Country 
when the time came for granting air-mail permits between 
the United States and Europe. It is obvious that an engine 
which can cover such mileage is far past the experimental 
stage and that it is a logical powerplant for aviation. 


DISCUSSION 


Questions Weight 
and Horsepower Figures 
— Robert Insley 


. Pratt & Whitney Aircraft, 
Division of United Aircraft Corp. 


Hk author deser\ commendation for a very thorough and fai 
minded discussion of what is commonly a very controversial sub 
ct Although I intend to point out several inaccuracies in hi 


tatements and figures, I do not intend to imply that these misstat 
nts were intentiona Che are the normal errors ot an investigator 
ho ha Icce to mor wcurat data mon id ot the subject than 
m tl other 
] Fig. 2, Mr. Wilkinson refers to Squadron ; consisting 
Junkers JU 86-K bomb powered with Jumo 205 di . tn 
umption might be that there are a number of such squadrons in 
ervice, and it would be interesting to know approximately how 
in qguadrons of such airplan ul ictually in active servic 
\mong all of the photographs and references to German bombers in 
the war news, none has come to my attention which referred par 


ticularly to diesel-powered airplan though many of the bombing 

flights 

to have definite advantage 

In examining the tables of diesel versus gasoline engine perform 
struck with the 


missions reported have been long-range where one would 


ect th di Sel engines 


ince, one 1s number of notations indicating that th: 


figures In question were estimated results. The comparisons would b 
much mor could be quoted. 
not quite fair to the spark 


results quoted reter to 


convincing if actual test results 
The weight comparisons indicated are 
because, 1n most cases, the 
which hav status and, there 
fitted with a much more complete set of accessories than ar 
normally provided on experimental diesel engines. Judging from th 
illustration, that, I believe, is true in the case of the 
B.M.W., and even the Junkers engines. 

A general criticism of the comparisons 1s that the 
pared experimental results of diesel 
park-ignition engines 


ignition engine 
park-ignition engines reached service 


fore, are 


Guiberson, 


author has com 
engines with service results of 
This is perfectly natural under the circum 
stances because he has had access to experimental diesel figures but 
has not taken the opportunity to obtain corresponding experimental 
results on gasoline engines. He probably does not know, for example, 
that service aircraft engines can and have been run for long periods 
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of time at brake 
per hp-hr. 


specific fuel consumptions not exceeding 0.380 lb 
Results of this type seem to me to correspond fairly with 
the fuel consumptions which he has quoted for diesel engines and 
offer a much more just comparison than the guaranteed service con 
sumptions of gasoline engines which he has used. 

As a specific criticism I should like to point out that the maximum 
power figures in Table 2 of 1000 hp and 1o1o0 hp for the Allison 
V-1710 and the Rolls-Royce Merlin, respectively, are somewhat con 
servative. I believe the actual maximum horsepower figures published 
for those engines are 1190 and 1350 hp. 

Mr. Wilkinson's cost figures referring to savings in fuel expense ar 
based on the assumption that a fuel resembling furnace oil can be 
used successfully in the aircraft diesel. That, as has been pointed out 
in other discussion, is a little too much to expect. The peculiar 
requirements of aircraft fuel will involve special refining technique 
vhich I suspect will bring the cost of satisfactory aircraft diesel fuel 
to approximately that of 100-octane gasoline. A comparison of the 
best grades of existing diesel fuels with the general requirements of 


] 


iircraft fuel specifications will make this point clear 


Contests Author's 


Fuel Comparison Data 
—A. L. Beall 


Wright Aeronautical Corp. 


Ae one of the few in this country who have had an opportunity to 
design a fuel for a compression-ignition aircraft engine, my in 


terest was first aroused by the l 


section of the paper dealing with fuel 
Frankly, the paper is disappointing in its treatment of the fuel 


to paint a mirage rather than face the facts 
It is impossible to pass over the 
pointing out that the 


section dealing with fuel safet 
hazard from high 

pontaneous ignition temperature 
flash point. The flash point deal 
only with combustion initiated by a flame or spark, while spontaneous 
ignition follows a short-time contact of the combustible with a sur 
fa hotter than its 


apparent major 
surfaces resides in th 
the fuel in air rather than the 


pontaneous ignition temperature in air Th 
spontaneous ignition temperature of fuel of th 


cribed 1 


cetane number d 


some 200 F higher than the figures given a 


probably 
minimum, while 87-octane gasoline also should be some 200 F higher 
iN spontaneous ignition temperature than the figures shown for 1t.* 
These differences of opinion and in figures are relatively unimpor 
tant. But the fuel price and supply question are important in view ot 
the rapidly narrowing spread in brake horsepower specific fuel con 


umptions between the gasoline aviation engine and the compression 


lvnition avianhon ngin 
\ very few ars back, the specific fuel consumption for the avia 
tion gasoline engine could have been written 0.55 lb per bhp-hr as 


compared with the present and earlier figure for the 
1 


ignition engine of 35 lb per bhp-hr. 


5 


compression 


The cost figures quoted tor the diesel fuel would apply to a water 


white kerosene of the cetane number given. As such, they seem quit 


in order, while the figures for gasoline on a comparative basis are 


1 to 2¢ per gal high. Designers and users of compression-ignition 
iI 


ngines probably will be horrified at the idea of using 


a specially 
refined product such as water-white kerosene as a compression-ignition 
compression lgmition 


However, to be useful im aircraft, the engine 


1ust be supercharged, and the supercharged engine will not tak« 
kindly to fuel which is a byproduct of thermal cracking or on 
containing measurable amounts of actual or potential gum, free car 
bon, filter clay, or water. Before its lead susceptibility was suspect, 
thermally cracked gasoline was barred from use in supercharged 
Viation engine use. Examination of a few ground-boosted engines 
un on thermally cracked gasolines showed deposits in the induction 


tem which endorsed the Wisdom of the prohibition. Byproduct 


fuels which demand frequent mechanical service for the induction 

stem of a rotary oil burner in domestic use for house heating, will 
ofier a definite hazard both in the pressure fuel system and in the 
combustion-chamber and piston assembly of a compression-ignition 
engine supercharged for altitude 


mphasize the 


power. It is hardly necessary to 
importance of avoiding the hazard of either interrupted 
ight or decreased reliability of the engine. 
While it is not to be hoped that Mr. Wilkinson is confining his 
supply to a water-white kerosene, it is generally a 
satisfactory fuel for the compression-ignition engine, combined with 
a slight amount of lubricating oil to lubricate the injector nozzles. 
Water-white kerosene is a paraffinic fuel which will not clog a 


} 
} 
l 


i 


expected fuel 


wick with its impurities or the products of its oxidation, and does not 
require constant cathartic action to eliminate its residues 


“See SAE Transactions, July, 1939, p 94: 
cussion of “Prospects for Use of 
Aircraft Engines,”” by Frank (¢ 


_— Graham Edgar’s dis- 
‘Safety Fuels’ in Spark-Ignition 


Mock 
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Despite the volume of apparently successful flight operation of 
supercharged aircraft engines on byproduct fuels, the day-by-day 
experience of operators of naturally aspirated engines shows that, at 
even these extremely moderate bmep’s, there is a very definite gum 
problem. If the aircraft compression-ignition engine is to compete 
successfully with the gasoline engine in usable horsepower hours, its 
proponents must recognize the necessity of using fuels as well refined 
as are the best aviation gasolines. This is a prediction. 

When the necessity for fuel quality is accepted, and it will be, the 
supply situation must be re-canvassed. Suitable fuel has been de 
scribed as water-white kerosene of which there is a limited supply 
and, if my information is correct, its market price is extremely sensi- 
tive to demand. Once the price of the supply of this type of fuel has 
to be based on new refining operations to make it, the price will 
sky-rocket. With the limited supply ordinarily available, a small 
demand will require special refining operations to prepare the addi 
tional amount of fuel required, with the attendant overhead ot 
capital investment for refinery equipment and a price based on lim 
ited volume. The early prices of 100-octane gasoline are an example 
of what may be expected for such fuel. 

For the reasons given, the comparisons of fuel prices in Table 4 
would more nearly fit the prospects if the fuel costs in the first and 
last columns were identical in fuel cost per gallon. 


Differing Data 
Presented 
— Arthur Nutt 


Wright Aeronautical Corp. 


R. WILKINSON has gathered a great deal of intormation in his 

paper which might leave the wrong impression in the reader's 
mind unless explained a little more fully. He has listed a large num 
ber of engines with some brief remarks, and it is obviously impos- 
sible in the discussion to touch upon all the details at this time. 
However, a few remarks may be interesting. For example, Mr. 
Wilkinson says that the Junkers JU-86-K twin-engined bombers ar 
in the 250-mph class, but he failed to mention the fact that they are 
equipped with sea-level engines and, therefore, their speed at high 


b See SAE Transactions, December, 1939, pp. 501-512: “Aircraft 
Engines and Their Lubrication,” by Arthur Nutt. 

© See Dies:l Progress, January, 1940, pp. 46-47: ‘“‘Diesel Aircraft- 
Engine Research by the National Advisory Committee for Aeronautics,” 
by Paul H. Wilkinson. 

4See NACA Technical Note No. 569, 1936: ‘‘Boosted Performance 
of a Compression-Ignition Engine with a Displacer Piston,’”’ by Charles 
S. Moore and Hampton H. Foster 

¢ See NACA Technical Note No. 619, 1937: ‘“‘Compression-Ignition 
Engine Performance at Altitudes and at Various Air Pressures and 
Temperatures,”’ by Charles S. Moore and John H. Collins, Jr. 

f See SAE Transactions, Vol. 30, September, 1935, pp. 328-341: 
“High-Speed C-I Engine Performance; Three Types of Combustion 
Chamber,” by Ernest G. Whitney. 


altitude is vastly inferior to the airplane which is equipped with 
supercharged Otto cycle engines. A curve (Fig. A) which I gave in 
my recent paper” on aircraft engines and their lubrication indicates 
that an engine of similar power to the Jumo 205 gives almost double 
the power at 15,000-ft altitude. 

The latest Junkers JU-88 bombardment airplane is fitted with gaso 
line engines of the inverted V-12 type and equipped with super 
chargers. Obviously the performance of this airplane far exceeds th 
JU-86. 

The specific weight of the Jumo 207 engine is mentioned as 1.43 lb 
per hp. No reference to the weight of the turbo, the radiator and 
liquid, is found in this paragraph which will add from 4 to *4 Ib 
per hp. 

The author refers to the development work on a diesel cylinder to: 
the Wright Whirlwind engine by the National Advisory Committ 
tor Aeronautics. I have plotted (Fig. B) the data to which he refer 
having taken the information directly from Mr. Wilkinson’s article in 
the January, 1940, issue of Diesel Progress® which reproduces a curve 
of fuel consumption vs. bmep by NACA along with data on tl 
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m Fig. A (Nutt discussion) — Performance of Cyclone F-54 four- 
cycle spark-ignition engine and Junkers 205 two-cycle compression- 
ignition engine 


m Fig. B (Nutt discussion) — Boost versus brake mean effective pres- 
sure for diesel cylinder and Whirlwind and Cyclone engines 


Whirlwind’s actual performance. This curve indicates the great amount 
of boost required on this diesel cylinder to obtain the same mean 
effective pressure that 1s obtained on the Whirlwind gasoline engine 
without boost pressure. 

In the various tabulations throughout the paper it is indicated that 
the diesel engines will weigh about the same per horsepower as thx 
gasoline Otto-cyle engine. How 1s a lighter specific weight engine 
obtained out of a Wright Whirlwind design when using the afore 
mentioned diesel cylinder which requires considerably more boost for 
the same power, plus the fact that the peak pressure in the com 
pression-ignition engine at a given mean effective pressure 1s consider 
ably higher as shown on Fig. C, the data having been obtained from 
NACA Reports.¢ e,! 

We are fairly familiar with the construction of the Wright Whirl 
wind engine and know that, if peak pressures are increased for 
cruising purposes to figures which approach normal take-off peak 
pressures, it will be necessary to increase the weight of the engine 1 
reliability is to be obtained. 

I should also like to offer a correction, as shown on Table A, to the 
NACA development engine fuel consumption. This fuel consumption 
should '. 0.40 at 140 lb per sq in. bmep cruising instead of 0.36 
This intormation was obtained from NACA data presented by M1 
Wilkinson in his article® in Diesel Progress, January, 1940, issuc 

The fuel consumption figure on the Wright Whirlwind is incorrect 

it should be 0.43 lb per hp-hr when cruising under these same con 
ditions with 87-octane fuel, as shown in Table A. This engine, by 
the way, was designed twelve years ago and does not represent, bj 
any means, the fuel consumption figures obtainable in the engine if 
it were designed and built in 1939 as was the case with the NACA 
development. Table B compares B.M.W.-Lanova and Wright high 
powered air-cooled engines. 

In defense of the liquid-cooled engine the fuel consumption of 
0.53 lb per hp-hr estimated for the Rolls-Royce Merlin is undoubted] 
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Table A (Nutt discussion) 


Table B (Nutt discussion) 








COMPAR!SO TWEEN M-POWERED_AIR- CO D 
DIESEL_AND GASOLINE AIRCRAFT ENGINES 


MAKE AND MODEL NACA DEVELOPMENT WRIGHT WHIRLWIND R975-€3 


TYPE DIESEL GASOLINE 
NUMBER OF CYLINDERS 9 9 

TOTAL DISPLACEMENT 975 CU. IN 973 CU.IN 
MAXIMUM POWER 500 H.P 450 H.P 
R.PM. 2250 2250 
SPECIFIC OUTPUT 0.51 H.P. 0.46 H.P 
WEIGHT OF ENGINE 742 LBS. (E) 675 LBS 
SPECIFIC WEIGHT 1.48 LBS 1.50 LBS 
SPECIFIC CONSUMPTION 0.40 LB. ® 0.43 LB * 
B.M.E.P. 180 LBS 165 LBS 


*% CRUISING AT i40 BME P 





COMPARISON BETWEEN HIGH-POWERED AIR-COOLED 
B.M.W. LANOVA DIESEL DEVELOPMENT 
AND 
WRIGHT CYCLONE MODEL G202A GASOLINE AIRCRAFT ENGINE 











MAKE ANO MODEL BM.W- LANOVA DEVELOPMENT WRIGHT CYCLONE G202A 


TYPE OIESEL GASOLINE 
FUEL RATING 55 CETANE 90 OCTANE 
NUMBER OF CYLINDERS 14 9 

TOTAL DISPLACEMENT 2563 CU. IN 1823 CU IN 
MAXIMUM POWER 1200 #.P 1200 H.P 


RPM 2200 2500 


SPECIFIC OUTPUT 0.47 H.P 0.65 H.P. 
WEIGHT OF ENGINE 1580 LBS 1290 LBS 
SPECIFIC WEIGHT 1.32 LBS 1.07 LBS 
SPECIFIC CONSUMPTION 0.38 LB 0.366 (CRUISING) * 
BME.P. 169 LBS 208 LBS 
RATED ALTITUDE 7000 FEET 7200 FEET * 


* VERIFIED BY FLIGHT TESTS WITH TORQUE-METER AND VOLUMETER 











far above that which has been obtained in both actual flight and in 
the laboratory. For this purpose (Fig. D) I refer to an SAE paper* 
by H. Wood of Rolls-Royce, June, 1936, in which he gives a figure 
of 0.37 lb per bhp-hr on the Kestrel engine which is similar to the 
Merlin engine but smaller in displacement. I am sure that Rolls 
Royce will not agree that its engines can cruise no better than 0.53 
lb per bhp-hr. 
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m Fig. C (Nutt discussion) - Comparison of peak cylinder pressures 
in spark-ignition aircraft engines and NACA compression-ignition 
engines 


The author points out that the diesel engine is far ahead of the 
gasoline engine with regards to specific output because of the two- 
stroke cycle. This is of academic interest only as the aircraft designer 
is interested only in the horsepower available at a given weight. 

It is obvious that Mr. Wilkinson is not familiar with the very 
competitive nature of our bids to the United States Government when 
he makes the statement that “military aircraft engines of this type are 
notorious gasoline consumers.” . . . His assumption is entirely wrong 
as, while little attention is paid to the consumption at take-off power, 
a great deal of attention is paid to the consumption at cruising power. 

We can have no quarrel with Mr. Wilkinson regarding the reduc 
tion in fire hazard although it should be pointed out that some of 
the worst fires have been caused by lubricating oil rather than gaso 
line. It should be mentioned in passing, however, that the introduc 
tion of safety fuel will overcome to a great degree the objection which 
the author raises to the use of high-volatile fuel in aircraft engines. 

& See SAE Transactions, July, 1936, pp 
Aero Engines,’ by H. Wood 


I-7_ 927 
267-287 


**Liquid-Cooled 
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The record in the past year in aircraft transport operations in this 
country indicates that fire hazards in commercial operations are not 
as great as would be presumed from the author's paper. 

It is interesting to note that, on one hand, the author speaks of the 
low temperature of the exhaust manifold which, of course, means the 
low temperature of the exhaust. On the other hand, under a discus 
sion of Fig. 5 he states “. . . a solution to the problem of increasing 
the power output of the diesel for take-off, namely, the use of a turbo 
supercharger.” It is obvious that the diesel engine will always be one 
step behind the Otto cycle engine because of its lower heat available 
for turbo supercharging. 

While statistics are boring, nevertheless, something should be men- 
tioned in connection with the mileage flown by Junkers engines as 
compared with present-day operation that, namely, in a little over six 
days the operation of gasoline engines in the U.S.A. exceeds that of 
the mileage flown by the Junkers engine during 1938. 

In conclusion, the manufacturers of aircraft engines in this country 
will be the first ones to make use of the compression-ignition cycle 
if it proves to be a serious competitor for the gasoline engine and can 
be sold to the aircraft manufacturers and the military agencies. 

I agree with the author that development of this type of engine 
should continue in order that there will be no possibility of over 
looking improved powerplants if the compression-ignition engine ever 
attains that position. 
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m Fig. D (Nutt discussion) — Fuel consumption versus brake mean 
effective pressure — Rolls-Royce Kestrel engine 











RIDING COMFORT 


N 1935, at the instigation of The Murray Corp. ot 

America, there was begun at the University of Michi 
gan a study of the automobile cushion and its function in 
the transportation of passengers with greater comfort and 
less fatigue. It has been conducted under the auspices ot 
the Department of Engineering Research ot the University 
with the financial support and active cooperation of The 
Murray Corp. 

This paper may be considered as a progress report on 
some of the work done and, while many of the ideas 


{This paper was presented at the Semi-Annual Meeting of the 
Society, White Sulphur Springs, West Va, June 1940.] 

Prof. Lay is professor of mechanical engineering and Mr. Fisher is 
research associate, Department of Engineering Research, University of 


Michigan. 


presented are not original, yet we believe the point of view 


and the analysis to be new. It should be provocative ot 
new thought by those of us who are interested in mor 
We 


pretace it with a rather rambling discussion which deals 


riding comfort for the automobile passenger. shall 
In 
a common-sense manner with some of the relations between 
the mechanics of springs and cushions and the physiology 
of the human body. 


The cushion may be considered as one of a group of 


shock absorbers. The rubber trres (which are really pneu 
matic springs), the steel springs, and the shock absorbers 
are intended to prevent road shocks (suddenly applied 
forces due to inequalities in the road surface) from being 


transmitted into the chassis trame 


and thence to the parts 





m Fig. | — Universal Test Seat —Side view 
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and CUSHIONS 


mounted on it. The bedy is turther insulated at nearly all 
points of connection to the chassis by rubber blocks, 
grommets, or bushings which prevent high-frequency 
shocks or vibrations from being transmitted to the body. 
The springs and padding of the seat cushions form th 
final barriers which insulate the passengers from shocks 
which have filtered through all the previous springs and 
shock absorbers. 

The prime function of the whole system of springs and 
dampers 1s to relieve the passenger of shock, to make him 
comtortable, at ease, and to prevent accumulation of fatigue 
due to continued riding in the vehicle. Comfort and eas 
is the desired state, and fatigue may be considered as the 


result of failure to accomplish such a state tor the pas 


by W.E. LAY and L.C. FISHER 


University of Michigan 


senger. The tollowing definitions, taken from the dic 
tionary, are then in order: 

Comtort — “Freedom from anxiety or pain.’ “Mental or 
bodily wants satished.” 

Kase — “An undisturbed state of mind or body.” 

Fatigue — “To weary with mental or physical exertion.” 
“The sum total of the results of mental or physical activity 
which show themselves ii a diminished capacity for work.” 

We should note that the last definition indicates the 
economic value of providing comfort and lessening fatigue. 
The transportation of passengers is a means to an end. 
We ride to work. We cannot do a full day’s work at the 
ofhce if we are greatly fatigued by the journey from home. 
The traveling salesman may not make an important sale if 





m Fig. 2— Universal Test Seat -- Rear-quarter view 
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he is too wearied by the drive from the home office. We 
cannot appreciate beautiful scenery when we are fatigued 
by the travel itself. Builders of buses assert that they pro- 
vide the most comfortable seat for the driver because 
lessened fatigue prevents costly accidents. 

It will be noted further that, in all the definitions, both 
the mind and the body are considered. The meaning of 
“mental comfort,” that is, “freedom from anxiety,” is vague 
and any measurements at best only qualitative. “Bodily 
comfort” presents a meaning only somewhat less vague. 
We have never been able to measure the energy, if any, 
used in thought or worry, but we can measure the work 
done by muscular exertion. The mind, through the senses, 
may be disturbed by sounds, odors, sights, or tastes which 
may have little or no effect on the body. The body may 
be seriously fatigued, that is, its capacity to do work mate 
rially lessened, by mental exertion or worry. Muscular 
fatigue is always accompanied by some mental fatigue. 
Certain physiological and psychological items such as the 
basal metabolism, blood and urine analysis, reaction time, 
sense of balance, accuracy of muscular coordination, and 
the accuracy and speed of mental processes have been 
measured? as indications of either mental or bodily fatigue, 
or both. Thus, in speaking of comfort and fatigue, we find 
that we can only vaguely define them; we have no unit of 
measurement and the instruments available will measure 
only very approximate indications of comfort or fatigue. 
Moreover, we have two kinds of fatigue whose effects are 
interlaced and we have no available means for separating 
them. In short, fatigue is the sum total of a number of 
things about which we know very little. 

On the other hand, the operation of a spring, shock 
absorber, or cushion may be expressed in terms of motion, 
velocity, acceleration, rate of change of acceleration, or in 
terms of vibrations of various frequencies. All the fore- 
going items may be expressed in definite units and mea- 
sured with reasonable accuracy. Thus, the designer of 
springs, shock absorbers, and cushions has a problem. He 
must design mechanical equipment whose motion, velocity, 
and acceleration may be measured or calculated with fair 
accuracy. He must use this equipment to produce physio- 
logical or psychological effects which have no units, and 
cannot be accurately indicated or measured. 

Over fifteen years ago in a symposium on “The Factors 
Involved in Riding Comfort,”* there were listed some 18 
items relating to the passenger, 68 items for the vehicle, 
and 8 for the road, all of which should be considered in 
developing riding comfort. Admitting that the 76 items 
relating to the road and the vehicle can be measured more 
easily, let us concentrate for the moment on the passenger. 
The items listed for him were as follows: 


Passenger 
Psychological and Physiological Reaction Factors. 


1. Direction of Motion 
(a) Linear displacement (caused by a force) 
Vertical 
Longitudinal 
Transverse 


1See SAE Transactions, 1930, pp. 7-13: “Measurement of Comfort 
in Automobile Riding,” and pp. 13-18: “Bodily Steadiness— A Riding 
Comfort Index;”’ see also SAE Transactions, 1932, pp. 182-184: “New 
Riding Comfort Research Instruments and Wabblemeter Applications ;” 
all three papers by F. A. Moss. 

2See SAE Journal, Vol. XIV, March, 1924, pp. 335-337: “Riding 
Comfort Factors.” 

8 See SAE Transactions, July, 
and the Ride Problem,” 
H. Hoehn. 


1940, pp. 273-283: “Seat Cushions 
by Clyde R. Paton, E. C. Pickard, and V 
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(b) Angular rotation (caused by a pair of forces ) 
About vertical axis — turn 
About longitudinal axis 
About transverse axis 


roll 
pitch 
2. Type of Motion 
(a) Uniform velocity (no motion is special case 
where V = 0 (no forces) 
(b) Uniform acceleration 
(constant force ) 
(c) Changing acceleration 
(changing force ) 
(d) Duration and repetition 
(amplitude and frequency-changing force ) 
Noise 
. Vision 
. Air Reaction 
. Temperature 
(Odor) 


\4Ii ee WwW 


~ 
~ 


*. 

Let us consider the manner in which the passenger may 
become aware of these reaction factors. It seems that there 
are four avenues by way of which signals of such reactions 
may reach the brain: 

I 


2 


. Sense of sight — eyes — optic nerves 
. Sense of hearing — ears — auditory nerves 
(Sense of balance — auditory canals) 
Sense of feeling — mainly near skin — sensory nerves 
Sense of smell — nose — olfactory nerves 


3. 
4. 


The signals may come to the brain through one or sev 
eral of these avenues. If the signals come over several 
avenues, one of them may take precedence or have greater 
strength than the others and, of course, the relative strength 
of the different signals varies with different people. 

The operation of a cushion is expressed customarily, as 
in the outline, in terms of motion, velocity, acceleration, 
rate of change of acceleration, or in terms of vibrations at 
various frequencies. The cushion may impart motion to 
the passenger which may be expressed in all of the fore 
going terms. It is the belief of the writers that our thought, 
in this discussion, will be simplified if we consider, rather 
than the foregoing, only such terms as force, change of 
force with respect to time, and distribution of force. Dis 
tribution of force is change of force from place to place. 
Pressure is, of course, an expression for force per unit area. 
Thus, thinking in terms of force, the magnitude of linear 
acceleration is proportional to the size of the force involved 
and its direction is determined by the direction of the force. 
In like manner, the magnitude of an angular acceleration 
is proportional to the size of the couple producing it and 
its axis is determined by the direction and location of the 
couple. Each type of passenger motion may then be iden 
tified by the type of force or couple involved and the 
outline for the types of motion may be rewritten as follows: 


2. Types of Motion 


Velocity Acceleration Force 
(a) uniform zero zero 
(b) changing constant constant 
(c) changing changing changing 
(d) repetitions of Type (c) 


It has been stated* that, aside from the show-room ride, 
static comfort is of relatively little importance. There 
might even be some question as to whether there ever was 
any discomfort or fatigue when a person is sitting quietly 
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without motion. But, when we think of sitting for hours 
on a rail tence, on the narrow board seats of the circus 
tent, or on hardwood pews in a church, we must dismiss 
that idea as untenable. It has been said that a certain 
amount of motion lessens the fatigue. It might be possible 
that such motion lessens the fatigue due to an uncom 
fortable cushion just as did our squirming about on the 
circus seats or the church pews. We have come to believe 
that static comfort is very important. 

Being engineers, we may consider the passenger as a 
body having a given mass, to which external forces of any 
size or direction may be applied to produce corresponding 
accelerations. Let us further consider the simplest type of 
motion — when this body is at rest. Since the velocity is 
uniformly zero, then, according to our table, the force 
should be zero. But actually the force of gravity and the 
corresponding acceleration of 32.2 ft per sec per sec 1S 
acting. This force must be counteracted by an equal and 
opposite force, supplied by the seat, in order to maintain 
the state of rest. If the body is seated in a car traveling 
over ordinary roads, the force or acceleration of gravity is 
still by far the largest component of the total force acting 
on the passenger. The acceleration of gravity and the force 
is greater than the maximum braking force. It is some 
eight times as much as that attained in accelerating the car 
in high gear. The fact that we have the force of gravity 
always acting, and that it is usually by far the largest force 
involved, led us to believe that a study of static comfort 
might yield valuable results. We have all heard the ex 
pression of “floating on a cloud” or “resting on a bed of 
eider down” used to convey the ultimate in ease or com 
fort. The same idea may be expressed, in mechanical 
terms, by “a body supported by low pressure, well distrib 
uted over the supported area.” 

The unit pressure, the pressure distribution, and the size 
and contour of the supported area each merit consideration 
in detail. For a subject of a given weight the greater the 
support area, the less the unit pressure. Also, the softer 
the cushion and the deeper we sink into it, the greater the 
support area and the lower the unit pressure. Hence, a 
mattress on which we lie is ordinarily made softer than a 
cushion on which we sit, and this, in turn, is made softer 
than a carpeted floor on which we stand. To rest, we sit 
or lie down. We choose such positions because they pro- 
vide the greatest comfort and the greatest opportunity to 
recover from fatigue. Such considerations seem to indicate 
that low unit pressure is conducive to more comfort and 
less fatigue. 

It is common experience that even small unit pressures 
applied at a point or on a limited area of the body surface 
produce more discomfort than the same unit pressure 
applied to a large area. This result seems to indicate that 
variations of pressure over the support area will be uncom- 
fortable and that, in addition to low pressure, uniform 
distribution of low pressure is most desirable. Such a con- 
clusion is erroneous, however, because of the nature of the 
human body. Much of the weight of the human body is 
hung on the skeleton through muscles and ligaments. Due 
to continued use the flesh on portions of the body lying 
between the bones of the skeleton and the support areas 
becomes padded or calloused (witness the soles of the feet) 
so that it can endure higher pressures with less discomfort 
than can the flesh on other parts of the body. Certain 
portions of the body, in the neighborhood of a large artery 
where blood circulation may be restricted, or where pres- 
sure on a large nerve may produce partial and temporary 
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| po paper reports work begun in 1935 at the 
instigation of the Murray Corp. of America. 
Methods used in studying the relations between the 
automobile seat cushion and its function in trans- 
porting passengers with greater comfort and less 
fatigue are described. 


Constructed for this purpose was a piece of ap- 
paratus called the Universal Test Seat, whose di- 
mensions were completely adjustable with arrange- 
ments to vary the distribution of the supporting 
pressure in any manner which seemed most com- 
fortable to the passenger. 


The authors describe tests made by use of this 
apparatus, present summaries of some of the re- 
sults recorded and conclude that, to give the pas- 
senger the maximum comfort and least fatigue, the 
following mechanical objectives should be attained 
by the cushion: 


|. To support the passenger over a large area to 
get the smallest unit pressure on the flesh; 

2. To avoid variations in pressure from point to 
point over the supported area except those 
variations dictated by actual variations in the 
body of the passenger. (To obtain the sur- 
face contour and pressure distribution on the 
loaded cushion that is considered by the aver- 
age passenger to be the most comfortable.) 


By extending their analysis of the conditions re- 
quired for static comfort, the authors believe that 
the objectives to be attained for dynamic com- 
fort are: 


1. To avoid large changes in pressure or forces 
acting on the body of the passenger with re- 
spect to time; 

2. Especially to avoid high rates of change, with 
respect to time, of either the values or direc- 
tion of pressures or forces acting on the human 


body. 


paralysis, can endure less pressure with a given discomfort 
than can other portions. Therefore, low unit pressures, not 
uniformly, but properly distributed over the support area 
should give the optimum comfort. But what is the proper 
distribution of pressure? 

This seemed to be the most vulnerable point from which 
to attack the problem, and accordingly a piece of apparatus 
called the Universal Test Seat was constructed. Its dimen- 
sions were completely adjustable with arrangements to 
vary the distribution of the supporting pressure in any 
manner which seemed most comfortable to the passenger. 
This method of adjusting the seat dimensions, sitting 
posture, support area contours, and pressure distribution 
depends on his ideas of pain or discomfort from his sensory 
nerves and muscular reactions and is similar to that of the 
oculist fitting a person with spectacles. This test seat is 
shown in Figs. 1 and 2. It is composed of four major 
assemblies: frame, seat cushion, seat back, and floor and 
toe-board unit. The three latter assemblies can be moved 
up or down, forward or back, or tilted at various angles to 











HOLLOW “> -CANVAS SPACER 
WASHER 








SPRING —_=—> 
=e SUB-PLATE 
rn rn or oF ae 
CUSHION r] an 
BASE Sh} ta , 
1 2 & 





eat | | ] 
COUPLING \ 





| 

i___li, A copper Tusinc 
BRAIDED \ 
SILK THREAD __| 





ts 
i 0.02LB.WEIGHTS 


m Fig. 3 — Deflection indicator chart 





suit the comfort requirements of any individual or to pro 
duce any desired sitting posture. 

The seat cushion contains 49 calibrated cylindrical coil 
springs. These springs are arranged in seven crosswise 
rows of seven springs each. Each crosswise row is mounted 
on a separate plate which can be raised or lowered inde 
pendently by one of the levers in the bank marked No. 
in Fig. 1. With a subject seated on the cushion as in 
Fig. 1, the springs can be compressed under him any 
desired amount by means of these levers, that is, the dis 
tribution of the supporting pressure can be adjusted for 
maximum comfort. The top ends of the springs are at 
tached to a light canvas sheet by tin clips riveted to the 
canvas. This in turn is covered by a light pad and the 
conventional upholstery fabric. This entire assembly is 
mounted on a rectangular base which is moved forward or 
back in the frame by means of handwheel No. 2. The 


cushion is tilted in the frame by turning handwheel No. 3. 

The construction of the seat back is practically identical 
with that of the cushion. The compressions of the rows ot 
springs are varied by the levers No. 4. The whole unit is 
moved up or down by crank No. 5 and tilted by turning 
handwheel No. 6. 

The relative positions of the seat cushion and seat back 
are shown by scales Nos. 7, 8, 9, and 10. Scale No. 7 
shows the angle which the surface of the cushion makes 
with the horizontal. Scale No. 8 shows the included angle 
between the surfaces of the seat cushion and seat back. 
Scale No. 9 shows the distance from the front edge of the 
cushion along the surface of the cushion to the bottom edge 
of the back. Scale No. 10 shows the height of the back 
above the cushion, as well as the location of the shoulders 
and the total seated height of the 
cushion. 


individual above the 


The floor and toe-board unit rests on the base of the 
frame. This unit is provided with three adjustments to 
vary its position to conform to the lower leg length and 
sitting posture of the individual, and with a scale to deter 
mine the portion of the total weight of the individual 
which is transmitted through his feet to the floor, and 
hence it is not supported by either the cushion or the back. 
Handwheel No. 11 adjusts the height of the floor above the 
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base of the machine. Handwheel No. 12 varies the length 
By loosening clamp No. 


varied. 


of the floor. 


13 the toe-board 
These adjustments are 


15, and 16. 


angle may be shown on 


scales Nos. 14, Scale No. 14 shows the vertical 
distance from the floor board to the front edge of the sur 
face of the Scale No. 
distance from the front edge ot 


cushion. horizontal 


15 shows the 
the cushion to the point at 
which the toe-board intersects the floor 
length. Scale No. 16 shows the angle of the toe-board with 
respect to the horizontal. The 
scale No. the portion ol the total 
weight of the occupant which is supported by the floor. 
The toe-board is provided with clutch and brake 


floor, that is, the 


mercury column alongsick 
'¢ j shows, on that scale, 


pedals 
placed in an average position. The brake pedal is fitted 


with a Pres-O-Meter so that studies may be 


made ot the 
effect of pedal operation on the cushion and back. An 
adjustable steering wheel is included on this unit. 

The construction of this unit makes it suitable for rapid 
measurement of individuals since all the angles and dimen 
sions can be varied quickly and accurately from a position 
on one side of the seat with the scales in full view of the 
operator at all times. 

Below the cushion in Fig. 1 may be seen 
bered 


\ a chart num 
This chart shows the actual deflection, 
the tree spring surface, of each one of the 


cushion. 


trom 
49 springs In the 
This chart also shows the amount of compression 


introduced in each crosswise row of springs by the adjust 























m Fig. 4—- Set-up for photographing Universal Test Seat 
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m Fig. 5— Photographic relay equipment 


ment of the bank of levers No. 1. The difference between 


these values is the actual compression of each of the springs. 


Since the springs are calibrated, the load supported by each 


spring is obtained easily. Fig. 3 shows the construction ol 


this chart. A braided silk cord is attached to the 


center ol 


the tin clip which attaches each of the 
canvas upper spacer. 


49 springs to the 
This cord passes down the axis of the 
spring, through a clearance hole in the movable sub-plate 
on which the springs are mounted, 
copper tube 


and enters a small 
attached to the bottom plate of the cushion 
by means of a standard compression coupling. This copper 
tube leads to the upper edge of the chart to which it is 
firmly clamped. The cord leaves the tube at the bottom 
edge of the clamp, passes down the chart in front of the 
scale, through a guide hole at the bottom edge, and out 
below where a 0.02-lb weight serves to keep it under con 
stant tension. The cords thus follow, with surprising accu 
racy, the movement or deflection of the upper ends of the 
springs. The position of the movable sub-plates is indicated 
on the chart in the same manner. The ‘zero positions of 
the upper ends of the springs and the sub-plates are indi 
cated on the chart by white bands painted around the black 
cords. 


The chart numbered 1g in Figs. 1 and 2 is exactly like 
the one just described and indicates the deflections and 
compressions of the 49 calibrated springs in the seat back. 

The blackboard, numbered 20 in Fig. 1, is used for 
recording the age, height, weight, and the make and year 
of the car used by the individual. 


Cameras using 35-mm film are used for recording the 
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m Fig. 8-Sample photographic data sheet 


data. Cameras Nos. 21 and 22 photograph the cushion and 
back deflection indicator charts respectively. A third camera 
on a stand, shown in Fig. 4, photographs all the scales on 
the test seat as well as the individual seated in it. Refer 
ence numbers are placed on the blackboard and charts in 
order to identify the pictures later. 


Photo flood lamps are 
used to secure adequate lighting. 


To eliminate any possi 
bility of movement between pictures, the camera shutters 
are all tripped simultaneously by solenoids when the push- 
button, No. 23, is pressed. This is accomplished through 
a relay system housed in the metal box beside the storage 
battery at the rear of the seat. 


The details of this system 
are apparent in Fig. 


Fig. 6 shows the wiring connec- 








tions, while Fig. 7 shows the construction of the solenoids 
which actuate the camera shutters. 

The type of photographs obtained is shown in Fig. 8 
This is an actual data sheet for subject No. 458 

The tollowing routine of adjustments was used. Only 
adult subjects, 21 years old or over, were measured. They 
were first weighed, measured for height, and then seated 
in the test seat. They were questioned as to age, whether 
they drove a car and, if so, what make and year. Thes¢ 
data were written on a small blackboard. If a driver, the 
steering wheel was adjusted to the desired position. If the 
subject rode as a passenger, not a driver, the wheel was 
moved out of the way. Tentative adjustments were made 
on the seat dimensions to satisfy the subject as to cushion 
inclination, included angle between cushion and_ back, 
length of cushion from front to back, height from floor, 
Sate length, and toe-board angle. 


Then the compressions 
of the 


various rows of springs in the cushion and_ back 
were varied until the subject felt entirely comfortable, with 
a feeling of support over the entire cushion and_ back 
contact areas, yet with no excess pressure at any point. 
The setting required to produce this result was found 
easily by increasing the compression until severe local dis 
comfort was felt and then reducing the compression gradu 
ally until the feeling just disappeared. After the cushion 
and back had been formed to fit the subject comfortably 
by this method, the seat dimensions again were varied to 
the subject’s satisfaction. The alternate adjustment of the 
seat dimensions and supporting pressures was continued 
until both the subject and operator were satisfied that no 
further improvement could be made. The seat dimensions 
and the compressions and deflections of each of the 98 
springs were photographed simultaneously. This procedure 
was not hurried, requiring from 20 to 45 min to please a 
single subject. No attempt was made to influence the 
subject in his choice of dimensions. On the contrary, every 
means was used to help him select the most comfortable 
seat dimensions and pressure distributions. 

Fig. 9 is a diagrammatic layout of the rows of springs 
in the cushion and back in their exact relative positions. 

also shows the load and deflection data read from the 
deflection indicator charts. These data include the average, 
maximum, and total loads for each crosswise row of 
springs as well as the average and maximum deflections 
for each row. Arranged in this manner, the data show the 
load distribution which is desirable in cushions and backs 
as well as the deflections which such a load distribution 
produces on the upper surface of the springs. The accu 
racy of the deflection indicator charts may be checked by 
adding the vertical components of all the spring forces, 
normal to the surfaces of the cushion and back, to the load 
on the floor under the feet to find the total weight of the 
average subject. As shown in the following tabulation, the 
weight determined in this manner was 152.1 lb where the 
average weight determined by weighing the subjects on 
platform scales was 149.7 lb, a discrepancy of only 2.4 |b 
or 1.6%. 


Indicated Angle with Vertical 
Location Load, lb Vertical, deg Sine Component, |b 
Back 30.09 at 0.36975 11.14 
Cushion 115.72 82.6 0.99380 115.01 
Floor 25.96 90.0 1.00000 25.96 
Total, Ib 152.11 
Average weight of subjects from platform scales, lb 149.69 
Error, lb {+ 2.42 

% + 1.6 
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TOTAL LOAD ON CUSHION 
TOTAL LOAD ON BACK 


RATE S- CUSHION- 1.80 LBS. PER IN. 
BACK - 


— oe 


°-— 


1.5 INCH p 
SURF; ns 
> ACE, OF s 


a? > 


_—— 









115.73 LBS 
30.09 LBS. 


.493 LBS PER IN. 


CROSS-WISE SPRING SPACING - 3 IN. 


a 17.15" 7 ee : 



















m Fig. 9? — Location of springs in cushion and back —Load-deflection data for each crosswise row of springs 


Fig. 10 presents the average load and deflection data for 
the cushion, as given in Fig. 9, in the form of curves. The 
load is expressed as pressure in pounds per square inch 
and was computed by dividing the load per spring by the 
area it supported and drawing a smooth curve through the 
seven points when they were plotted against the distance 
from the front edge of the cushion. A smooth curve means 
a gradual change of unit pressure from point to point. 

The deflection ot the surface of the 


average upper 


INCHES 


SURFACE 


SPRING 


oF 


AVERAGE DEFLECTION 








° 2 a 6 8 to 2 14 16 a 20 22 
DISTANCE FROM TRIMMED FRONT EDGE OF CUSHION - INCHES 


m Fig. 10 —Pressure-deflection curves for cushion 
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springs away trom a base line is also plotted against the 
distance from the front edge of the cushion. This base line 
represents the location and inclination of the upper surface 
ot the springs without load and with the movable sub 
plates, which carry the springs, in their lowest or zero 
position. Plus values of deflection indicate that the upper 
surface of the loaded spring has been compressed to a point 
below the base line and conversely minus values indicate 
that the surface is above. The minus value occurs where 
the sub-plates have been raised far enough to push the 
upper surface ot the springs above their original positions 
on the base line in order to provide the desired support 
pressure. Obviously this base line bears no relation to the 
free unloaded surface of a commercial cushion. It can be 
used only to locate the contour of the loaded cushion. 
Fig. 11 shows the corresponding data for the seat back 
plotted against the distance from the trimmed bottom edge 
of the back. Here again positive values indicate depression 
of the upper spring surface toward the rear away from the 
base line whose inclination is shown. Fig. 12 is a diagram 
locating the base lines on Figs. 10 and 11 with respect to 
the floor and toe-board in order to secure the proper seat 
dimensions. Dimensions 4 and B are based on a pad 
thickness of 14% in. Obviously, dimension 4 should be 
increased and B decreased for thinner pads in order to 
maintain the seat dimensions at the values found most 
desirable. The converse is true for thicker pads. 








AVERAGE DEFLECTION OF SPRING SURFACE - INCHES 





2 a ' 
DISTANCE FROM TRIMMED BOTTOM EDGE OF BACK - INCHES 


m Fig. |! —Pressure-deflection curves for back 


Figs. 13 to 18, inclusive, show the per cent of the 250 
subjects selecting various values for the six dimensions 
shown on Fig. 12. The arithmetic mean of the dimensions 
is indicated on each figure by a dashed line. The following 
table is an analysis of these six figures. 


— 
c rr] c = 
ro) e > w ro) = 
a P. 4 4 Poe Y 
4 “— oO, = S ae E 
v =o Of cq bf A a = 4s 
S cc =“ ¢ = . Se = 
A or Rez BR F =6 aS 
Angle be- 
tween cush- 
ion & back 104-107 deg 53.2 23.6 23.2 10542 deg 105.3 deg 
Cushion 
inclination 6-7 deg “1 25.2- 2346 6), deg 6.4 deg 
Cushion 
length 16424-17% 50.4 25.6 24. 17% in 17.15 in. 
g r 
in. 
Cushion 
height 1644-17% 48.0 23.2 28.8 17% in. 17.15 1n. 
in. 
Floor length tr -83m.| $20 2756 20.4 12% in. 12.109 mn. 
Toe-board 
angle 36-40 deg. 67.6 14.8 17.6 38 deg 38 deg 


It will be noted that the center range of the dimension 
variation covers in all cases a small range. Also that the 
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a Fig. 12—Location of base lines and average contour of spring 
surfaces with respect to floor and toe-board — Pad thickness, 1.5 in. 








arithmetic mean is practically identical with the median ot 
mid-range dimension. 

To design a seat using the information given on Figs. 
10, 11, and 12 is comparatively easy. The unit pressure fot 
any spring in a seat cushion may be read from the pressure 
curve on Fig. 10. Knowing the unit pressure and the area 
which must be supported, the load on each spring is com 
puted. The position of the upper end of the loaded spring 
is determined by the deflection curve and the dimensions 
on Fig. 12. The other spring characteristics may be chosen 
according to the space available and the softness desired. 
The seat back may be designed in a similar manner. A 
seat designed in this way meets the requirements for static 
comfort in the loaded condition regardless of the location 
of the unloaded surface. Within limits its location and 
contour may be varied as desired. 

A seat designed in the foregoing manner will provide 
static comfort to more of the 250 subjects than any other. 
If these 250 subjects represent a fair cross-section of the 
adult users of automobiles in the United States, then this 
seat should provide more static comfort than any other. 

The data from the deflection indicator charts make it 
possible to determine accurately the contour of the surface 
of the springs in the cushion and back for any individual 
seated thereon. But the surface of the springs is covered 
by a pad and living flesh is a considerable cushion itself, 
so it seemed advisable to determine the contour of the 
upper surface of the pad for both the cushion and_ the 
back and, also, the supported surface of the thighs, but 
tocks, and back of the passenger. This was done by the 
use of a sheet of *%-in. thick dental wax. This material is 
hard at temperatures below about 100 F, but becomes quite 
soft when heated to about 112 F. The temperature-flow 
characteristics are shown in Fig. 19. 

The apparatus for preparing the wax is shown in Fig. 20. 
Since the wax works best on a brass surface, the tray in 
the tank and the roller which is used for reducing the wax 
to uniform thickness are both made of this material. To 
assure uniform thickness, the roller is suspended % in. 
above the surface of the tray by the rails along either side 
of it. Water is fed into the tank at a temperature of 112 F 
to heat the wax. It is kept at this temperature until ready 
for use when it is transferred to the cushion or back by 
means of the tray. 

Three buttons are located, in a triangular position, on 
the surface of the upholstery on the test-seat cushion and 
the test-seat back. 
indicated on the deflection indicator charts by the three 
cords at the right end of these charts. These buttons make 
indentations in the wax and hence serve to record the posi 
tion of the wax on the cushion or back for correlation later 
with the data from the deflection indicator charts in studies 
of pad compression. 


The deflections of these buttons are 


The wax may be reworked into flat sheets after use by 
heating to a slightly higher temperature, kneading into a 
ball with the hands, and re-rolling on the tray with the 
roller. 

Only a few studies have been made by this method. It 
does provide a means for comparing the contour and area 
of the body contact area and was used for that purpose. 

Having discussed the information relative to the seat 
which will attain the greatest static comfort for the average 
adult, we may consider the average adult himself. His 
specifications were determined by combining information 
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m Fig. 19- Flow curve for dental wax (Kerr Perfection Impression 
Compound) 





in the 1930 U. S. Census* and the Medico-Actuarial Tables? 
as follows: 

1. The Medico-Actuarial Tables show the following 
average heights for 221,819 men and 136,504 women: 

Men 5 ft, 8.5 in. (with shoes ) 
Women 5 ft, 4.5 in. (with shoes ) 

2. The median ages for the 37,004,941 men and 35,844, 
661 women listed in the 1930 U. S. Census as 21 years old 
and above are: 

Men 


41.9 yr 
Women 


45 yr 
3. The Medico-Actuarial Tables show that the weights 

corresponding to the heights and ages above should be: 
Men 


161.4 lb (with average clothes ) 
Women 


141.0 lb (with average clothes ) 
4. The relation between the men and women in Item 2 
preceding is: 
Men 
Women 


50.8% 

49.26 ( 
5. Using the above relation between men and women, 
the average adult should have the following specifications: 
Age: 41.7 yr. Height: 5 ft, 6% in. 

(with average clothes and shoes). 
Note: The Army Anthropology Tables®, based on a 
great number of young men of Army age (average age 
24.89 yr), show the following values for weight and height: 
Height 
Weight 


Weight: 151.4 lb 


5 ft, 7.49 in. (without shoes ) 
141.54 lb (without clothes ) 
Making reasonable allowances for shoes and clothes, 

these figures check the foregoing values quite well. 

4 Population, p. 577, Vol. II, 1930 U. S. Census. 


5 See Medico-Actuarial Mortality Investigation, Vol. I, Build. 


® See Army Anthropology Statistics, A. B. Davenport and A. G. Love, 
Government Printing Office, 1921. 
™See Abhandlungen der mathematisch-physischen classe der Konig], 


Sachsischen Gesellschaft der Wissenschaften Vol. 15, 1889: “‘Uber den 
Schwerpunkt des Menschlichen Korpers,’’ by W. Braune and O. Fischer. 








Similar data taken on the 250 subjects measured on the 
Universal Test Seat may be compared with the statistical 
data above as follows: 


Statistics Test-Seat Subjects 


Average age, y1 


41.7 38.5 
Average weight, lb 151.4 149.7 
Average height 5 tt, 6.5 in. 5 ft, 7.4 in 
Per cent men 50.8 51.6 
Per cent women 49.2 48.4 


This group includes professors, instructors, clerks, jani 
tors, stenographers, secretaries, engineers, lawyers, doctors, 
surgeons, business men and women, salesmen, mechanics, 
graduate men and women, and wives of such people. Un 
like many surveys of this type made at universities, where 
the abundance of young people of ‘teen age make the 
results unrepresentative, this survey includes only adults 
people who buy and use automobiles. 

Some data‘ available concerning the average distribution 
of the weight of the human body give us a clearer picture 


ag 


m Fig. 20 —- Dental wax equipment 


of the reason for the most desirable pressure distribution. 
About fifty years ago, some army surgeons set out to 
determine the most comfortable attitudes of the soldier in 
marching, firing a gun, and so on. They wished to dis 
tribute the weight of his full marching equipment so that 





























DISTRIBUTION OF WEIGHT IN AN AVERAGE MAN 
SYMBOL NAME WEIGHT Nn | PERCENT OF TOTAL 
POUNDS WEIGHT 
x oO HEAD 10.7 6.9 
xX R TRUNK - NECK 70:7 46.1 
<4 | UPPER ARMS 10.1 6.6 
x 3 LOWER ARMS 6.4 4.2 
xX 5 HANDS 2.6 ey 
x 6 UPPER LEGS 33.0 21.5 
x 8 LOWER LEGS 14.7 9.6 
xX 10 FEET 5.2 3.4 
“ Ss TOTAL 153.4 100. 00 
(WHOLE BODY) 
m Fig. 21 
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LOCATION OF HINGE POINTS AND CENTERS OF GRAVITY 
OF THE HUMAN BODY 
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his posture when marching would still be a normal one. 
In order to analyze their problem, they took a number of 
cadavers, froze them, cut them up, weighed the parts, 
found the locations of the centers of gravity, and the 
dimensions of each part. Their average weight distribution 
data is shown in Fig. 21 in per cent and in pounds for 
our average man. The location of the centers of gravity 
and the various hinge points about which motion occurs 
is shown in Fig. 22 in side and front view. In this dia 
gram the man is standing erect and the Z axis shown is a 
vertical line drawn through his center of gravity piercing 
the floor plane at O. This is the zero point from which 
measurements were taken along all the axes, X, Y, and Z. 
In walking or standing a man is most unsteady in a fore- 
and-aft direction. It will be noted from the side view that 
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the center of gravity of the head, the trunk, the upper leg, 
and the lower leg are all in the line drawn through the 
center of gravity of the body. Also the hinge points of the 
ankle, knee, hip, shoulder, and even at the base of the 
skull lie in this same straight line. This simply means that, 
through sheer biological laziness, man stands with the 
compression links such as the upper and lower leg on 
dead-center so that the position may be maintained with 
the least muscular exertion. That is just good engineering. 
In a similar manner the arm and hand links which are in 
tension are naturally suspended vertically from the shoulder 
hinge point. In the front view, in like manner, the hinge 
points of the legs lie in straight lines 3.4 in. to right or left 
of the Z axis. The hinge points of the arms, also in two 
vertical lines, lie 7.16 in. on either side of the Z axis. 
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LOCATION OF HINGE POINTS AND CENTERS OF GRAVITY OF 
THE HUMAN BODY 





LOCATION ON- FIGURE NO. 





SYMBOL NAME COORDINATES COORDINATES 


IN PERCENT HEIGHT 





7... . 2 a ty £2 











HINGE POINTS 

ea BASE OF SKULL ON SPINE] 0,0 
e b SHOULDER JOINT 0.0 
ec ELBOW 0.0 
ed WRIST 0.0 
e e HIP 0.0 
e F KNEE 

e £ ANKLE 

CENTERS or GRAVITY 
x O HEAD 0.0 
x R TRUNK- NECK 0.0 
x 1 UPPER ARM 0.0 
x 3 LOWER ARM 0.0 
x 5 HAND 0.0 
s UPPER LEG 0.0 
x 8 LOWER LEG 0.0 
x10 FOOT 2.50 
x S TOTAL 
(WHOLE BODY) 














0.0 61.58 
+7.16 | 54.78 
*7.16| 41.99 


0. 0.0 |91.23 

0 

Q. 
+7.16) 31.19]) O. 

0 

0 

ie) 


e) 

O {t10.66/81.16 

O j|t10.66|62.20 

O |+10.66/46.21 
£3.40) 35.19 ie) 
19.19 0 
2.60 0 


+ 5.04) 52.13 
28.44 
3.85 


0.0 | 63.1 0.0 0.0 |93.48 
0.0 | 48.0 0.0 0.0 | 71.09 
$7.16) 48.42)) 0.0 | £10.66) 71 .74 
7.16) 37.34)} 0.0 | *10.66) 55.33 


= 7.06) 29:11 0.0 | 10.66) 43.13 


+ 3.40] 28.67 0.0 + 5.04] 42.48 

* 3.40) 12.28 0.0 = S$ 18.19 

£4.16 1.20 3.85} * 6.16 1.78 
® Fig. 23 

37.31 LW 


























The coordinates giving the location ot the centers of 
gravity and hinge points are given in table form in Fig. 23. 
A simplified line diagram of the man drawn to the same 
scale is shown in Fig. 24 with the weights of the various 
parts indicated at their centers of gravity. 

The reasons why the weight is distributed on floor, 
cushion, and back as measured by the test seat may be 
indicated by seating the line diagram of the man in the 
‘average seat, as shown in Fig. 25. The average supporting 
forces are indicated beneath. Apparently the weight of his 
feet, lower legs, and a part of his thighs is carried on the 
floor. All the rest of the body is supported by the cushion 
and back unless, as shown in Fig. 25, the hands are 
grasping the steering wheel when the weight of the hands 
and part of the arms will be carried by the wheel. 

Thus far we have considered only static comfort. We 
believe that the same method of analysis may be applied 
to the problem of dynamic comfort. Suppose that we have 
a seat wth the largest supporting area, that is, the lowest 
unit pressure, and the best pressure distribution. We know 
that a person may sit on the seat for a long period, per 
haps all day, with a certain small fatigue developed. Yet 
he has the full force of gravity (an acceleration of 32.2 ft 
per sec*) acting on him throughout that period. On the 
other hand, if the seat begins to move about in any type of 


' motion involving changes of acceleration, that is, changes 


of force, the fatigue developed will be considerably greater. 
The body seems to be, therefore, very sensitive to changes 
in pressure (changes of acceleration) with respect to time. 
The greater the rate of change, the greater the discomfort 
and fatigue. It was known in ancient times that the con 
tinued fall of drops of water (a small force suddenly and 
periodically applied) on the skin may amount to actual 
torture. 

The effect of changes in force or pressure (change in 
acceleration) may be illustrated by an example whose dis- 


comtort we have all experienced. During some test work 
some years ago, a great deal of driving was done on a 
small, oval-shaped, unbanked track made up of two cir 
cular arcs, 4, and two tangent straight lines, B, as shown 
in Fig. 26. Much of the driving was done at specified 
constant speeds and since the straight-line section of the 
track was actually tangent to the circular section, in pass 
ing from the straight line on to the circle the wheel was 
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Fig. 24—- Distribution of weight in an average man 
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suddenly turned to the proper position, held there until 
the half circle was traversed, and then suddenly turned 
back again. It was found that a passenger was made very 
uncomfortable just as we entered or left the circular arcs. 
As we entered, he was thrown against the side of the car, 
then, just when he had become adjusted to it, he was 
thrown back again as we left the circular arc. To check 
this operation, we drove on the circle and continued around 
and around it. After we had once driven on to the circle 
and as long as we continued on it, the passenger was 
reasonably comfortable. 

From the physiological standpoint, we can see that 
fatigue induced by change of force (acceleration) is largely 
muscular fatigue produced by actual muscular exertion. 
When we drove on to the circular arc he had to entirely 
readjust the pull of the muscles in his body to maintain 














m Fig. 25 — Average man in seated position 





himself in the new position and, as we drove off the cir 
cular section, he had to make another readjustment. Con 
tinuation of this process soon brought the passenger to a 
state of considerable fatigue. If we continued to drive 
around the circle only, the initial adjustment was necessary 
and, even though subjected to an increased force in a new 
direction, since both the value and direction of the force 
remained constant, he was fatigued only slightly. 

Analyzing this operation from the mechanical point ot 
view, we can compute the accelerations and forces involved 
for a speed of 30 mph on a circle of 150-ft radius as 
follows: 


On Tangent B 


s 30 
Velocity = 30 mph = xX 8S = 44 fps 
60 
Acceleration down = 32.2 ft per se 
Force down = 149.7 lb 
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THE OVAL TRACK 

















ACCELERATIONS AND FORCES 


ON TANGENT B ON CIRCLE A 











ACC. 12.9 
? | FORCE 60* 

| ACC. 34.4 

oo * 

ACC. 32.2 ACC. 32.2 FORCE 160. 


FORCE 149.7” FORCE 149.7* 


m Fig. 26— Oval track — Accelerations and forces 





On Circle A 
Velocity = 30 mph 

, : Vv 44 
Angular Velocity _ = 


—- = —— radians per sec 
r 150 3.4 


l 2 
Acceleration v = rw? = 150 X (, =) = 12.9 ft per sec? 
29 — 

Force Away From Center = a5 x 149.7 = 60 lb 
Resultant Acceleration \ (32.2)2+ ( 12.9)? = 34.4 ft per sec? 
, 34.4 a . 

Resultant Force 7 oo x 149.7 = 160 lb 
» 


Thus, when driving at constant speed of 30 mph in a 
straight line, only the force of gravity, that is, 149.7 lb, is 
acting downward on the passenger. But, on entering the 
arc, due to the suddenly added centrifugal force of 60 |b, 
there is a sudden increase from 149.7 to 160 lb (an in- 
crease of only 10 lb). Moreover, its direction is changed by 
about 22 deg. Therefore, a sudden change in either value 
or direction of the forces acting on the body should be 
avoided as it tends to produce fatigue. 

This discomfort, resulting from driving off a straight 
line on to a tangent circular arc is well known to highway 
engineers, and on modern highways all circular arc curves 
are preceded and followed by transition curves. Thus the 
steering wheel, even at high speeds, is turned gradually 
into the position to follow the circular arc and gradually 
turned back to the straight-ahead position. By this means 
the rate of change in the value and direction of the forces 
acting on the passenger is much reduced. 

This discussion may be summarized very briefly. To 
give the passenger the maximum comfort and least fatigue 
the following mechanical objectives should be attained by 
the cushion. We believe that we have shown that, for 
static comfort, they are: 








1. To support the passenger over a large area to get the 
smallest unit pressure on the flesh. 

2. To avoid variations in pressure from point to point 
over the supported area except those variations dictated by 
actual variations in the body of the passenger. (To obtain 
the surface contour and pressure distribution on the loaded 
cushion that is considered by the average passenger to be 
most comfortable.) 

By extending our analysis of the conditions required for 
static comfort, we believe that the objectives to be attained 
for dynamic comfort are: 

3. To avoid large changes in pressure or forces acting on 
the body of the passenger with respect to time. 

4. Especially to avoid high rates of change with respect 
to time, of either the values or direction of pressures or 
forces acting on the human body. 

We believe that the trend in cushion design will and 
should follow the trend of chassis design. Whereas the old 
chassis springs had excessive friction which varied with 
use, the present trend is toward springs with accurately 
controlled friction or without friction (coil springs) with 
the proper amount of damping for control. 

The Report from the Riding Comfort Research Commit- 
tee: “Automobile Seat Cushions and Riding Comfort,” by 
Clark A. Tea (published in the July, 1938, SAE Journal, 
pp. 26-~9) should be considered by any one making a study 
of the subject of riding comfort. 

We will repeat in closing that this work is still in prog- 
ress, this report covering only a portion of a broad program 
-of research sponsored by The Murray Corp. of America. 
As expressed by S. Warner, to whose active cooperation we 
are much indebted, this is “an endeavor to separate tradi- 
tion from technique in the cushion industry.” It is pre- 
sented with the sincere hope that it will provoke new 
thought by those of us who are interested in the riding 
comfort problem. 





Modern Aircraft Materials 
and Their Testing 


(Concluded from page 473) 


strain gage on the market at the present time. Most of the 
component parts of the Celstrain recorder such as decade 
boxes, fixed resistances, and meters are availab!e from most 
test laboratories. However, if one wished to duplicate the 
Celstrain test set-up, shown on Fig. 11, with 30 Type B 
Celstrain gages, the cost should not exceed $200, of which 
the gages account for approximately $50 is made “on 
location.” The Baldwin-Southwark electric gage (non- 
compensated for temperature changes) may be purchased 
for approximately $4 per gage. 

A cost comparison of the Celstrain apparatus with 1, 2, 
and 30 gages may be compared with competing gages, 
using the Celstrain cost as unity: 


Type of Equipment I gage 2 gages 30 gages 
Celstrain recorder and gages 1.0 1.03 1.32 
Celstrain recorder and _ Baldwin- 

Southwark gages 1.03 1.07 1.84 
Huggenberger 1000:1 pages. 0.50 0.93 14.0 
Berry 2-in. gage (Metzger Co.) . 0.50 0.93 14.0 
‘Tuckerman optical gage........... 4.35 5.35 35.3 
McCollum-Peters “Electric Telemeter’’ 15.0 26.8 (6 element) 
General Electric ‘“‘Air-Gap Induc- 

(ae Eat ee ara 10.0 52.0 (8 element) 
M.I.T.-Sperry Recorder and Carbon 

EEA 52 es aoe ae 13.4 
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The Celstrain equipment costs one tenth as much in 
single gage set-ups as its ‘nearest electric gage competitor 
and yet gives accurate results with the remote reading 
feature. 

Two difficulties have hampered the development of the 
Celstrain equipment: temperature “creep” and switch con 
tact resistance. The temperature effects have been reduced 
to a negligible quantity by using a voltage sufficiently low 
to cause no appreciable heating of the gage wire. The 
temperature correction has been made automatically by 
placing a dummy Celstrain gage of the standard type 
mounted on a piece of unstressed aluminum alloy in the 
adjacent leg of the Wheatstone bridge to act as “tempera 
ture compensator” for the system. The switch contact 
resistance was made sufficiently uniform and dependable 
by a careful choice of the switch and by reworking the 
switch contacts to give approximately a 2% 
error. 

The practical use of Type Ag Celstrain -gages is shown 
on Fig. 14. On this vertical stiffener of a thin-webbed 
shear beam were placed several Huggenberger and Cel- 
strain gages. The average stresses recorded on each type 
of gage at the centerline and top locations on the stiffener 
are shown on Fig. 15. It will be noted that the records 
made by the two types of extensometers were very similar. 
Two other features of these curves are of interest: There 
is considerable bending present in the stiffener even at low 
shears; and the consistent snapping of the web buckle at 
500 |b per sq in. shear on each run is recorded faithfully 
on the Celstrain data. The web tension could be obtained 
only with the Celstrain gages due to the presence of web 
wrinkles. 
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a Summary 


From a quick glance at some of the newer aircraft 
materials and test procedures, we fina that the high-tensile 
aluminum alloys still hold the structural field, although 
crowded a little by some of the magnesium alloys. The 
alloys of beryllium hold only minor structural promise, 
but the pure beryllium metal may have a future for armor 
pate in planes. Chrome-molybdenum steel maintains its 
favored position but it has lost some ground to the stainless 
steels, especially of the heat-treatable “M-286” variety. 
Plastic and wood-and-plastic construction probably will not 
immediately replace light metal construction. Thermo 
plastic windows with their weight-savings, are edging out 
those of laminated glass, but should be tested carefully for 
pressurized cabin uses. 

The prestretching of aluminum alloy stiffeners offers a 
method of gaining strength at no cost in weight or price. 
Precompressing, theoretically of great promise, 
practical shop difficulties on application. 

The electric resistance strain gage of the Celstrain or 
Baldwin-Southwark type promises to add new impetus to 
practical full-scale testing and research and at one-tenth 
of the instrumentation cost of 
extensometers. 
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LOAD-CARRYING-CAPACITY PHENOMENA 
of Bearing Surfaces 


hy MACY 0. TEETOR 


Engineering Division, The Perfect Circle Co. 


Lely load-carrying capacity of a bearing surface = areas, microscopic in size and depth, that melt and 
is dependent upon the surface temperature. The — cool almost instantaneously. The gradual oxidation 
surface temperature is the temperature of the sur- that takes place could be the process of normal 
face material microscopic in depth and expanse. wear. It is only when the high-temperature areas 
High surface temperature is the cause of surface get too large and deep to cool instantaneously that 


failure. Load-carrying capacity is affected by sur- _— failure occurs. 

face finish, coefficient of friction, speed, thermal ; 
conductivity, lubrication, material, and so on, but Rough surfaces have greater load-carrying ce- 
all foctors affect surface temperature. Bearing pacity than smoother surfaces because of their 
surfaces fail because the areas in contact reach the ability to cool. The load-carrying capacity in 
melting point of the material. pounds per square inch of a bearing surface de- 


creases as the contacting area increases. The load- 


carrying capacity in pounds per square inch of a 
because it determines the actual area and distri- | bearing surface can be increased by dividing the 


bution of that area in contact. It is reasonable to — area into small areas. The capacity of such an in- 
suppose that a bearing surface carrying a given __ terrupted surface can be increased further by fill- 
load satisfactorily is dotted with high-pressure ing the grooves or cavities with a suitable material. 


Surface finish affects the load-carrying capacity 


HE cause of tailure of bearing surtaces (scufhing, scoring, 
cold welding, chipping, and so on) is a highly contro 
versial subject. We have had some experience with all 
types of bearing surfaces but our research work, prompting 


the writing of this article, has been confined principally 
to the bearing surfaces of piston rings and cylinders. 
Although our work covers a very limited field, we believe 
the explanation of certain phenomena observed in studying 
the characteristics of the bearing surfaces of piston rings 
and cylinders can apply aptly to all bearing surfaces. 

In order to narrow the scope of this presentation and 
avoid fields of controversy not directly pertinent, we will 
use as a basis, deductions from some observed phenomena, 
that may or may not be true, and attempt to substantiate 
the statements. For instance, we will state that the load 
carrying capacity of a bearing surface is dependent upon 
the surface temperature. When we speak of surface tem- 
perature, we mean the temperature of the surface material, 
microscopic in depth and expanse, the exact determination 
of which is most difficult if not impossible, depending upon 
the materials of the bearing surfaces. Unquestionably, 
many factors affect the temperature of a bearing surface 
but whether the temperature is a cause of failure or a 
result of failure is difficult to prove definitely. Lubrication, 
even difficult to define, is affected in many ways by surface 
temperature and therefore is a very important variable and 
one of the most elusive. Lubrication cannot be ignored; 
therefore, we will assume that a lubricant is merely a 

coolant, either directly or indirectly. A \ubricant can be a 
m Fig. | — Scuffed faces of piston rings — The arrow indicates a spot 


where the area in the center has melted. The area surrounding the 
scuffed spot is burnished 


{This paper was presented at the Semi-Annual Meeting of the 
Society, White Sulphur Springs, West Va., June 13, 1940.] 
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direct coolant by absorbing heat from bearing surfaces or 
an indirect coolant by separating bearing surfaces, thereby 
preventing physical contact, resulting in less heat generated. 

Friction is undoubtedly one of the most important un- 
known factors in all bearing operation. We cannot even 
define friction except in terms of itself. Therefore, we do 
not know definitely what it is. Our available data on 
coefficients of friction are practically useless in attempting 
to determine load-carrying capacity because it is only pos- 
sible to secure practical values using light loads and speeds 
(when no apparent change in surface occurs), conditions 
under which we are not particularly interested. A true 
coefficient under conditions of high pressure and/or speed 
is impossible to secure because the bearing surfaces of the 
test samples continually change. For clarification purposes 
and to eliminate as nearly as possible talking about some- 
thing we cannot define, we will discuss a visible evidence 
oi friction which is surtace disturbance. We can say safely 
that surface disturbance causes an increase in surface tem- 
perature, and we will therefore state that Aigh surface 
temperature is the cause of bearing surface failure. It is 
our opinion from our observations that bearing surfaces 
change in finish and sometimes in structure as the surface 
tem perature increases. 


w Surface Disturbance 


When two bearing surfaces are separated physically by a 
lubricant, contact between the two bearing surfaces is 
impossible. Bearing-surface disturbance, corrosion, or ero- 
sion then can be caused only by some action of the liquid 
lubricant itself. Substances are formed from the constitu 
ents of lubricants that adhere so tightly to bearing surfaces 
that they disturb the mating bearing surface. They also 
can disturb the surface to which they adhere if they are 
broken loose. Of course this phenomenon is also probably 
a result of surface temperature. This discussion will not 
consider this phase of the problem but will be confined 
principally to bearing-surface contact under conditions of 
boundary lubrication or in the absence of a lubricant, 
because it is under these conditions that load-carrying 
capacity is reached. Very few, if any, bearing surfaces are 
ideally lubricated. Regardless of how accurately bearing 
surfaces are machined to shape and alignment, stresses 
produced by physical load and/or thermal distortion cause 
misalignment of the surfaces, producing high-pressure 
areas which break through the lubricant film and permit 
the surfaces to contact. When two bearing surfaces just 
contact each other, theoretically some surface disturbance 
takes place. If they contact with sufficient pressure and /or 
speed, surface disturbance of a magnitude sufficient even 
tually to cause bearing failure results. The surfaces fail to 
carry the load because the areas in contact reach the melt- 
ing point of the materials. 

F. P. Bowden and K. E. W. Ridler', Laboratory of 
Physical Chemistry, Cambridge, write as follows: 


“When one solid body slides over another, most of the work done 
against the frictional force opposing the motion will be liberated as 
heat between the surfaces, and will raise the temperature of the 
bodies. A simple calculation shows that the temperature of the 
surface atoms may reach a very high value. The surface temperature 
was measured by using the rubbing contact of two different metals 
as a thermocouple, and determining the electromotive force generated 
on sliding. It is apparent that the electrical contact and the friction 

1 See Proceedings of the Royal Society (London), Vol. 154 A, 1936, 
p. 640: “Physical Properties of Surfaces — Part III, Surface Tempera- 
ture of Sliding Metals and Temperature of Lubricated Surfaces,” 
F. P. Bowden and K. E. W. Ridler. 


by 
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occur at the same points where the surfaces touch, so that th 
surements should give information about the temperature 0 
actual surface atoms of the metals where they are rubbing. 

“Experiments showed that the local surface temperature was su! 
prisingly high and could exceed 1000 C (1832 F), even though th 
mass of the metal was quite cool. The temperature reached by the 
sliding surfaces depended upon the load, speed, coefficient of friction 
and thermal conductivity, and was in good agreement with theo: 
lhe behaviour of readily fusible metals showed that the temperatur« 
measured was a real one. With metals gallium, Wood's 
metal, or lead, the measured temperature to a constant value 
which could not be exceeded, and which corresponded numerically to 
the melting temperature of each metal. 


such 


as 


rose 


“The experiments were repeated with various lubricants unde 
‘boundary-lubrication’ conditions. Again the surface temperature was 
high. For example a polished metal surface, well lubricated with 


Castrol XL, and running smoothly with a low coefficient of friction, 
showed a surface temperature of over 600 C (1112 F). This 
temperature was localized at the sliding surface, the mass ot the 
Was at room temperature and there was no evident sign of heating 
Vhe fact that these high temperatures are reached at the points 
contact of sliding metals has an important bearing on the theory 

practice of lubrication.” 


high 
metal 


of 


and 


You will note that Bowden and Ridler list load, speed, 
coefiicient of friction, and thermal conductivity as the 
factors affecting the surface temperature. Load, speed, and 
thermal conductivity are definite factors, but the coefficient 
of friction is decidedly indefinite and is dependent upon 
many other factors, the principal one being surface finish 
because surface finish determines the area 
tact. Therefore, surface finish affects the load-carrying 
capacity of bearing surfaces. ‘The smoother the surtaces, 
the easier it is to separate them with an oil film, but 
maximum load-carrying capacity is not reached until atter 
lubrication has started to break down. After lubrication 
breaks down, there are larger points of contact with smooth 


in actual con 


surfaces than with rougher surfaces. The points of contact 
are the spots where surface temperature is generated; 
therefore, a smooth surface will generate more heat. Heat 
dissipation into the body of the bearing material remains 
As a 
result, the temperature of a smooth surface can more 
quickly reach the melting point of the materials and cause 
failure. Therefore, the smoother the surfaces, the less the 
load-carrying capacity. 


constant, but there is more heat to be dissipated. 


It is true that a rougher surface 
has smaller points upon which to carry the load but, being 
farther apart, surrounded by cooler areas and possibly some 
oil into which the heat can readily flow, the points of 
contact will carry more load before actually reaching the 
melting point of the materials. 

It is reasonable to suppose that a bearing surface carry 
ing a given load satisfactorily is dotted with high-pressure 
areas, microscopic in size and depth, that melt and cool 
almost instantaneously. We find the oxides of worn 
materials in the lubricating oil. The gradual oxidation or 
breakdown that takes place because of such an action could 
be the process of normal wear. It is only when the high 
temperature areas get too large to cool instantaneously that 
failure occurs. We have seen plenty of evidence that 
indicates that, just before a bearing area scuffs, it acquires 
a high polish or burnish. This surface change takes place 
as the surface material becomes plastic. If operation is 
stopped at this point, the bearing surfaces are considered 
“beautiful” but, if they are overloaded after reaching the 
burnished stage, the surfaces melt and failure occurs. The 
truth is that a normal burnished surface will never carry 
as much load again as it did while acquiring the burnished 
finish. 

Different materials have different load-carrying capac 
ities. Lead has been considered an ideal bearing material 
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for years. One of its best characteristics 1s that, when it is 
éverloaded, it will not destroy the mating bearing surface. 
Lead is malleable and has a relatively low melting point. 
When it is overloaded, it can become plastic and even melt 
without causing too much damage. When lead is alloyed 
with other metals such as copper, tin, and so on, the load- 
carrying capacity is increased. One of the reasons why this 
is true is possibly because the alloying raises the melting 
point of the material. It is also true that, when this type 
of material does fail, more surface disturbance takes place. 
The reason may be very simple. When bearing materials 
melt on the surface, the material that melts, regardless of 
how small an amount it is, goes through critical temper 
atures. Some materials can go through these critical 
temperatures and not change in structure. Lead can be 
melted and cooled and not change materially in structure. 
When it is alloyed with other metals, the critical temper- 
atures are changed, and structure changes take place during 
the heating and cooling cycle. 

Tin on the cylinder-contacting face of a piston or piston 
ring will melt and still adhere to the bearing surfaces. 
When it melts, the pressure between the surfaces will force 
it to flow to areas of less pressure. When it cools in its 
new location, it is still tin having the same ductile char 
acteristics it had before it was melted. Materials having 
this characteristic are therefore well suited for surfaces that 
necessarily must operate under conditions of boundary 
lubrication and for surfaces that distort and concentrate 
excessive pressures on small areas. But materials of this 
classification are not necessarily durable. They merely form 
a surface fuse, and the number of times the fuse can be 
blown at the same spot is limited. The oxide type of coat 
ing such as Ferrox (Fe;04) is a more durable type of 
surface. It is not a fuse but practically the opposite. It 
does not melt when subjected to excessive pressure under 
conditions of boundary lubrication. For this reason it 
prevents welding when the mating surface reaches the 
melting point. Fatlure of the oxide surface occurs when 
the iron under the oxide surface melts. 

Ferrous bearing surfaces change radically in structure 
when they melt and cool. It is not uncommon to find 
areas of iron carbide formed on the surface of scored 
cylinders and rings. It requires a temperature of at least 
1800 F to form iron carbide rapidly. The surface of a 
cylinder or piston ring under operating conditions can 
receive a perfect heat-treatment. Surface disturbance can 
generate sufficient heat to raise the temperature of a small 
surface area to the melting point. This area can imme 
diately get an oil quench from the oil supply of the engine. 
Although the formation of iron carbide in advanced stages 
of surface failure is identified easily, the microscope will 
slow the same type of surface condition when the surface 
is considered satisfactory. The structure of the surface 
material actually changes, and this change in structure 
together with a change in hardness is probably the reason 
for erratic changes in rate of wear as wear takes place. 
Bearing materials can therefore be divided into two main 
classifications: (1) materials that will return to their orig 
inal structure after having passed through critical temper 
atures, and (2) materials that will not. 

Fig. 1 is a picture of scuffed piston rings. The white 
area around the scuffed spot in the center of the ring face 
indicated by the arrow is the burnished area. If the oper- 
ation had been stopped just before the scuffing occurred, 
only a burnished area would have been visible. A little 
more running would have scuffed the entire burnished 
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area. A caretul examination of worn piston rings wil 
reveal all stages of the scuffing process: (1) normal 
scratched surface; (2) burnished surface; (3) burnished 
surface with scuff marks in the burnished area; and 
(4) completely scuffed surface. The picture in Fig. 1 
shows another very significant fact. You will note that 
the scuffing occurred in the middle of the burnished area. 
The center of the burnished area reached the highest tem 
perature, sufficient to melt the cast iron. The entire 
burnished area did not reach the melting point because 
sufficient heat was being dissipated on the surface and 
into the body of the ring to retard the rise of temperature 
of the entire area. Also the slight roughening of the spot 
in the center separated the surfaces to some extent which 
provided some surface radiation and allowed the oil to 
rush in and absorb some heat. 


a Testing Equipment 


The machine that we use for determining the load 
carrying capacity of bearing surfaces, called a scuffing 
machine, reciprocates one sample which is a longitudinal 
section or strip cut from a cylinder. The other sample 
which is held stationary is a section of round ring upon 
which the pressure is applied. A thermocouple, connected 
to a temperature recorder, is installed in the back of the 
ring sample, the ends of the wires coming within a few 
thousandths of an inch of the rubbing surface. A temper 
ature 1s therefore obtained which is an indication of surface 
temperature. Lubrication is provided by supplying a 
definite quantity of oil per minute through an atomizer 
that sprays directly upon the cylinder sample. 

A test on a sample is preceded by a run-in during which 
adjustment for alignment of the two samples is made. The 
indicated surface temperature is an indication of surface 
disturbance. It will rise and fall as long as loose material 
is being dislodged from the surfaces. The machine is run 
at a speed of 620 rpm with a load of 600 lb per sq in 
until the surface temperature remains constant. The sam 
ples are then ready for test. A constant speed is main 
tained and the pressure is increased 100 |b per sq in. every 
5 min. 

Fig. 2 shows the temperature recorded from two 
samples. The ordinate indicates the load increase in lb per 
sq in. which was increased at 5-min time intervals. The 
abscissa indicates the temperature rise in F. The cast-iron 





m Fig. 2 -Load-carrying capacity of rough and smooth turned fin- 
ishes on piston rings — Tested on the scuffing machine at 620 rpm, 
lubricated with spray jet 
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m Fig. 3-Results of tests made on Comparator to show effect of 
surface finish on load-carrying capacity — Unlubricated 


cylinder samples used were honed to a smoothness of 4-6 
micro-in. and identical in structure. The two cast-iron ring 
samples were identical in structure but had different face 
finishes. You will notice that the smoother ring sample 
surface (608) indicated a lower surface temperature at a 
given load than the rougher surface (607). However, the 
smoother surface had less maximum safe load-carrying 
capacity. Since the indicated surface 


temperature was 


higher with the rougher surface, it seems reasonable to 


assume that the surface temperature of the actual bearing 
areas was higher but the ability of the small areas in 
contact to cool made it possible for them to carry more 
load before actually reaching the melting point. It has 
been known for many years that, the smoother the face of 
a piston ring, the more readily it would scuff. A rougher 
surface was considered to not scuff because of its quick 
seating ability, oil-carrying capacity for lubrication, and so 
on, but our experience indicates the real reason to be its 
ability to cool. 

We also use another type of machine to compare the 
load-carrying capacity of unlubricated surfaces which we 
call a “Comparator.” It reciprocates two small flat samples, 








a Fig. 4—Specimens run on Comparator showing the superiority in 
load-carrying capacity of a surface broken into small areas — No 
lubrication 
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mn Fig. 5-—(A) Load-carrying capacity per square inch as affected 
by area in contact — (B) pounds per square inch safely carried for 
each | F rise in indicated surface temperature 
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and the load is applied on and equalized between two 
small cast-iron blocks that rub on the flat samples. It is 
simply a comparator but definitely shows which surface 
will fail first because each sample is tested under the same 
conditions at the same time. 

Fig. 3 shows the results of comparisons made on the 
Comparator between different surface finishes applied to 
the small stationary cast-iron blocks. The flat reciprocated 
samples were honed to a finish of 4-6 micro-in. The finish 
of the small cast-iron blocks ranged in smoothness from 
No. 1 to No. 4, No. 1 being similar to a very smooth 
turned finish and No. 4 similar to a rough quick seating 
finish sometimes found on piston rings. Samples Nos. 5, 
6, and 7 had grooves cut into the wearing face 0.010, 0.020, 
and 0.030 in. deep respectively. Samples 5, 6, and 7 had 
the same bearing area but the depth of the grooves affected 
the load-carrying capacity. The comparisons were made in 
order — Nos. 1 and 2, 2 and 3, and so on, new samples 
the 
actual area in contact because, the smoother the finish, the 
more total area in contact. The curves in Fig. 
indicate that, the smoother the 


being used in each test. Surface finish determines 


2 and 3 
finish, the less the load 
carrying capacity regardless of lubrication. Fig. 4 is a 
picture of two sets of specimens. The comparison in both 
cases was between a ground surface and a duplicate surface 
broken up into small bearing areas. The surface having 
the small bearing areas in one case was interrupted with 
transverse grooves and, in the other case, by small holes 
drilled through the sample. The plain surface scuffed very 
badly in both instances, and the interrupted surface was 
hardly scratched. We will therefore state that the load 
carrying capacity in pounds per square inch of a bearing 
surface decreases as the contacting area increases. 

We have developed another curve from the results of 
work done on the scuffing machine that also indicates that 
the foregoing statement is true. Fig. 5 shows the 
carrying capacity of different width ring samples. 
curve indicates that, the narrower the ring bearing area, 
the more load per sq in. it will carry without scuffing. The 
points that determine curve A were secured by running 
several ring samples of each width and averaging the 
pressures safely carried just previous to surface failure. 
The ring surfaces narrower than ! 


load 


The 


4 in. were produced by 
cutting the corners out of the ring face so that the actual 
bearing surface was in the center of each sample. We used 
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m Fig. 6—Indicated surface temperature at constant load as 


fected by area in contact and indicated surface temperature ai 
maximum safe load 























a '4-1n. ring tor all widths to maintain constant heat dissi 
pation into the body of the sample and sample holder. 
Just why the curve is this shape is not definitely known. 
It is interesting to note that, as the bearing area is de 
creased, there are some widths that not only carry more 
lb per sq in. but more total load than larger areas. Curve B 
is a temperature gradient that indicates the number of 
lb per sq in. safely carried for each 1 F rise of indicated 
surface temperature. For example, the bearing surface 


1/16-in. wide required 7o |b per sq in., whereas a '%-in. 


20 


width required only 3 


lb per sq in. to raise the surface 
temperature 1 F. 

Fig. 6 shows the indicated surface temperatures of the 
different areas at the same load. Curves 
increasing 


~ 


f and B show an 


indicated surface temperature as the bearing 


area increases. Curve C shows the indicated surtace tem 
perature at the maximum safe loading just before surface 
failure. Theoretically, Curve C should be a straight hori 
zontal line if our surface-temperature theory is correct. 
The wide range of indicated temperatures probably was 
caused by our rather crude method of measurement and 
other variables not controlled, but at least the points near 
the curve show a tendency for failure to occur at the sam« 
indicated temperature regardless of the area of bearing 
surface. 

The results of this work indicate that small bearing areas 
have more load-carrying capacity than large areas; there 
fore, an ideal bearing surface would be one broken into 
small areas to increase the total load-carrying capacity. An 
example of the application of this principle is shown in 
Figs. 7, 8, and 9. Fig. 7 shows the two compression rings 
from each cylinder that were run in an 8-cyl engine. Both 
compression rings in cylinders Nos. 5, 6, 7, and 8 scuffed 
due to a known high cylinder surface temperature. The 
rings shown in Fig. 8, run under the same conditions, are 
duplicates of those shown in Fig. 7 except the top rings 
have four grooves 0.010 in. wide and 0.020 in. deep in the 
face of the rings. This picture shows both rings from 
cylinders Nos. 7 and 8 scuffed, but the top rings from 
cylinders Nos. 5 and 6 were not scuffed. The lower com 
pression rings from cylinders Nos. 5 and 6 without the 
face grooves did scuff. The top ring is the one that usually 
scuffs first so that it is very unusual to find the second ring 
scuffed and the top ring not scuffed. The rings in Fig. 9 
run under the same conditions, all having face grooves, 
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showed no indications ot scufhng. Although the total beat 
ing surface was reduced by the width of the grooves, the 
remaining narrow bearing surfaces were able to carry the 
total load satisfactorily. The temperature differential be 
tween a hot bearing surface and the cooler material under 
neath causes surface distortion. An interrupted surface 
provides for surface expansion thereby allowing the bearing 
surface to remain more nearly in the same plane. Surface 
heat generated on restricted bearing areas is dissipated mor¢ 


rapidly. 


The cavities separating the bearing areas forn 





a Fig. 7- Compression rings from an 8-cyl engine showing scuffing 
in cylinders Nos. 5, 6, 7, and 8 (above) 





m Fig. 8— Duplicates of rings shown in Fig. 7 with grooves cut in 
face of each top ring 
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m Fig. 9- Duplicates of rings shown in Fig. 7 with face grooves in 
all the rings 
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m Fig. 10 - Effect of surface interruptions on surface conduction 
of heat 


heat dams that prevent the formation of large, high 
temperature areas. 

Fig. 10 shows how an interrupted surface retards the 
surface conduction of heat. The sketch shows a block ot 
cast iron % x % x 2 in. A blade for conducting heat to 
the surface of the block was brazed into the center of the 
block. Thermocouples were located on each side of the 
blade equidistant from the center. The surface between 
the blade and thermocouple No. 2 was interrupted by 
grooves across the face of the block, and the surface be- 
tween the blade and thermocouple No. 1 was smooth. 
When heat was applied to the blade, the temperature indi- 
cated at No. 1 was higher than at No. 2 and it also 
increased at a faster rate. Although there was only a slight 
difference between No. 1 and No. 2 throughout the tem 
perature range used, it is reasonable to assume that this 
temperature differential would be much greater just below 
the melting point of the material. Of course, to make a 
true static test comparable to what probably happens on a 
bearing surface it would be necessary to heat the surface to 
melting temperature and cool it at practically the same 
instant and at the same time read the temperatures of the 
two thermocouples. 


a Interrupted Bearing Surfaces 


Thus far, in our discussion, it would appear that an 
interrupted or cavitated bearing surface is more desirable 
than a continuous surface. In some applications this may 
be true, but grooves in piston rings contribute to excessive 
oil consumption and a similar surface on a_pressure- 
lubricated bearing makes the maintenance of oil pressure 
dificult. These difficulties created by open grooves or 
cavities can be solved by filling them with a suitable mate 
rial. The number of materials that could be used is almost 
unlimited; however, some should be more suitable than 
others. If another metal is used, another surface-tempera- 
ture problem is created. Small bodies of metal quickly 
reach the melting temperature because of their isolation, 
having poorer heat conductivity to the body of the bearing. 
Therefore, the most suitable material would be one that 
would have a very high melting or fusing temperature. 
The material used must be a good heat insulator and at 
the same time not retain heat. The most logical choice 
with these specifications in mind would therefore be a 
ceramic or metallic oxide. Such a material has several other 
desirable bearing qualities such as its tendency to glaze and 
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not roughen even at elevated surface temperatures. The 
action of a material of this nature is similar to that of a 
glazed grinding wheel which refuses to cut or wear. Small 
bodies composed of such a material do not present a 
serious high-temperature problem because, although they 
instantly may become red-hot, they cool just as quickly and 
do not change perceptibly in structure or surface. An 
illustration of this point is the red hot-spot that occurs in 
the face of an abrasive wheel at the point of contact when 
a diamond is used to dress the wheel. Although the wheel 
may be turning several thousand revolutions per minute, 
the only indication of high temperature is at the point ot 
contact. The products of a slight physical breakdown of 
the surfaces of the filled areas in a metallic bearing surtac« 
would provide an antiweld material which would help 
prevent the metallic bearing areas from failing if they did 
reach the melting temperature. Several materials were 
tested, and the best results were secured with black mag 
netic iron oxide (Fe;04). Fig. 11 shows some interesting 
results which is a continuation of the surface-finish tests 
made on the surface Comparator (Fig. 3). 

Samples 8, 9, and 10 were duplicates respectively of the 
samples 5, 6, and 7 in Fig. 3 except that they had Ferrox 
surfaces. Samples 11, 12, and 13 were duplicates respec 
tively of samples 8, 9, and 10 except the grooves were filled 


with black magnetic iron oxide. Sample 5 (Fig. 3) failed 





= Fig. |! —Tests made on Comparator showing improvement ef- 
fected by Ferrox surface (compare with Fig. 3), deeper grooves, 
and grooves filled with black magnetic iron oxide 





m Fig. 12-—Load-carrying capacity of cast-iron thrust washers as 
affected by surface material design 
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in a shorter tme than sample 8 (Fig. 11), a duplicate ot 
sample 5 with the addition of Ferrox surface. Fig. 11 
shows the improvement by deepening the grooves and still 
further improvement by filling the grooves, the best surface 
being the deepest grooves filled with black magnetic iron 
oxide. 

Undoubtedly surtace cooling of bearing surfaces by the 
utilization of small bearing areas has a definite value in 
many applications. Comparisons can be made in actual 
service between plain conventional bearing surfaces and 
iuterrupted surfaces of many possible types and designs. 
We have made some definite comparisons between un 
lubricated cast-iron thrust washers on a spring-loaded test 
machine. One washer was held stationary and the other 
rotated at 60 rpm under spring pressure of 150 lb. Fig. 12 
is a chart showing the time of operation before failure and 
the increase in torque due to surface disturbance. The 
bearing surfaces of all the thrust washers were honed to a 
smoothness of 4-6 micro-in. The washers tested, 4 to E 
inclusive, were rotated and tested against plain cast-iron 
washers, duplicates of 4, held stationary. Due to the short 
life of the two plain raw washers (4), the torque was 
checked every minute. B and E ran long enough so that a 
torque reading every 5 min was sufficient to determine a 
curve. C and D both ran over 24 hr, and the change in 
torque was so slow that hourly readings were sufficient. 


Ferrox surtace (B) showed considerable improvement over 


the raw surtace (4). The grid-filled surface of washers 
C, D, and E was produced by cutting grooves at right 
angles to each other across the bearing faces so that the 
small cast-iron bearing areas formed were approximately 
0.035-in. square and separated by grooves 0.015-in. wide. 
The grooves were then filled with the material designated. 
lhe copper in washer E scuffed very readily and pulled 
across the cast-iron bearing areas. The tin in washer D 
oxidized in spots indicating high surface temperature. It 
is Our assumption that the oxidization of the tin was re 
sponsible for the decrease in torque. There was no apparent 
change in the surface of washer C and practically no 
change in torque which indicates there probably was no 
change in the surface. 

We realize that our research work in investigating these 
phenomena of bearing surfaces does not “scuff the surface” 
of the possibilities involved: however, we hope it may be 
of some assistance as a basis for future improvements in 
the load-carrying capacity of bearing surfaces. I, as author 
of this paper and director of the research work involved, am 
taking this opportunity to give credit to all the members 
of our Engineering Division for their assistance. Specific 
personal credit for accomplishment is difficult to award; 
however, Roy W. Paton, Fred H. Given, Richard H. 
Bancroft, and Dallas Lunsford should be given credit for 
having contributed in ideas, research work, and counsel in 
arriving at the final conclusions expressed in this paper. 





DISCUSSION 


Different Explanation 


for Similar Results — Arthur F. Underwood 


R@search Laboratories Division, 


\ General Motors Corp. 
0' R experien vith bearing surtac agrees with the results giver 
in M Teeto vaper. However, we have a different viewpoint 

m the reasons tor the effects 

A number ot ars ago it was said that babbitt bearings failed by 
burning out It has been shown since that the bearing fails by 
fatigue due to gradual loss of the bearing surface. If the bearing 

run to destruction, 1t does burn out because the remaining sur 

ce cannot support the load. ‘Therefore, it is obvious that th 
tru iuse for this type of babbitt failure is scoring of rubbing su 
face As long as the load-carrying capacity of the surfaces is not 
xceed coring does not occur As soon as the capacity is ex 
ded, the molecular friction is sufficient to raise the surface tem 
iture to the score point. 

Each combination of metals has a distinct load-carrying abilit 
depending on such factors as speed, lubricating conditions, surfac« 
hnish, and so on. It has been pointed out* that certain metals have 

tte nti re properties than do others against steel under 
boundary-lubrication conditions. Thus, silver, antimony and bismuth 


should give good anti-score quality as an insert. It is this inherent 
quality that allows metal-to-metal contact under more severe operat 
ing conditions. 


{t is not necessary to have the surface temperature up to the weld 

g unt tor scoring to occur, Scoring can occur at room tempera 
ture if the surfaces are clean and are in intimate contact. The heat 
ing and scrubbing action of surfaces in rubbing contact greatly aids 
the process of obtaining these conditions. 

Numerous investigators have shown that smooth surfaces do not 
have more actual area in contact than do rougher surfaces, at a 
given load. In both cases, the surface irregularities deform until 
exactly the same area is in contact. The same analysis holds tru 
for varying widths of rings. Thus, the 1/16-in. wide ring and thx 
'4-in. wide ring in Fig. 5 would have the same actual area in con 
tact at any given load. At failure, the total load should theoretically 

a “Some General Aspects of Rubbing Surfaces,” by A. F. Under 
wood, Conference on Friction and Surface Finish, Massachusetts Insti 

te of Technology, June 5, 1940 
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be the same for all widths. It is calculated from the points that the 
failing load per inch of ring length 1s: 
Width Total Load 
1/16 437 
3/32 393 
375 
5/37 390) 
3/16 15() 
7/3? 151) 
tht) 
This is fairly close agreement and indicates that load-carrying 
ability under definite conditions is independent of surface dimensions 


Experience Agrees with 


Author's Findings —A. L. Beall 


Wright Aeronautical Corp. 
CASUAL reading of Mr Teetor’s paper would indicate that it 
A precepts violate all of the theories of hydrodynamic lubrication 
However, the possible literature on lubrication theory is somewhat 
veak on surface finishes and their effect. It 1s assumed that con 
iderable work has been done on very smooth surfaces but they have 
been smooth only in a qualitative sense, and we do not know how 
vell most of the friction surfaces compare with the measured values 
Mi Teetor describes 
Some of the phenomena described by Mr. Teetor confirm some of 
the writer's experience, particularly with piston rings. It has been 
noted that where the burnished area begins near the edge of a ring, 


the damage to the surface does not become severe before the edg¢ 


of the ring is reached. If the burnished area begins near the center 


of the ring face and has an appreciable distance to travel befor 
eaching the ring edge, scuffing will become severe. Again, in my 
experience, it is always desirable to sacrifice the area of a bearing 


surface in order to improve the introduction and flow of lubricating 
oil through the bearing. Contrary to theory, the area of a bearing 
may be reduced and higher unit pressures sustained if lubrication 
and cooling are improved. 

The results reported by Mr. Teetor indicate that we know too 
little about boundary lubrication and the extent to which we hav« 
boundary lubrication between the friction surfaces. It is quite pos 
sible that no g 


eat sacrifice in wear will result from increases in 
umit pressure brought about by improved lubrication. 

In the writer’s experience, oxides interposed between surfaces in 
chafing contact have been effective. Their use, as proposed by Mr. 
Teetor, is new 
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MORE POWER from LESS ENGINE 


HE basic object of all aircraft-engine development is to 

get more power from less engine. The usual procedure 
is to improve current types, an example being the increase 
in output of the g-cyl radial from 400 hp to 1200 hp in 
14 yr, without change in its 16 sq ft of frontal area or its 
displacement, and with an increase in weight of only 50%. 
This method is good business until it gets into the region 
of diminishing returns. Then it becomes more profitable 
to use the other method: to start with a clean sheet on the 
development of a better type of engine —one capable of 
performance beyond any that can be hoped for from cur- 
rent types. 

The tendency is to stay too long with the improvement 
method because of engineering habit and the investment. 
Although this condition improves the opportunity to come 
in with a better engine, the new engine must be decidedly 








Two-Row Radial Engine 18 cyl 
Frontal Area 16 sq ft 
Engine Drag hp 
at 20,000 ft 72 hp 
5 373 DE ‘= + +—+ y, 
at sea level 700 hp e 


Double Allison Type 24 cyl y aon ant 
Frontal Area 12 sq ft en 


Engine Drag hp QJ a ey a eee 
at 20,000 ft 280 hp N 
at sea level 525 hp re OF 
€ = 
H-Type Engine 24 cyl i | 
Frontal Area 10 sq ft i 
Engine Drag hp t—4 
at 20,000 ft 233 hp | 
at sea level 436 hp : care 
oe 
Barrel Engine 18 cyl 
Frontal Area 6 sq ft 
Engine Drag hp 
at 20,000 ft 140 hp 
at sea level 263 hp 


= Fig. | — Frontal areas of various 2000-hp engines of the same dis- 
placement and their respective engine drag hp in nacelles at 400 
mph 
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(How to develop 5000 hp from 





N the following article, Mr. Hall says: 
There are two ways to develop more power 
from less engine —by improving current engines, 
and by a new start toward a more promising type. 


For lowest powerplant drag, use the barrel en- 
gine with cylinders parallel to the shaft. ‘You 
wouldn't shoot a bullet sideways.” 


Six barrel - engine mechanisms are appraised 
critically in this paper in order to find the best, 
which is also better mechanically than the crank 
mechanism. In a cross-head mechanism in which 
pistons cannot cock, top speed may be 15°, faster 
than with the crank for same combustion time, and 
there is almost no useless loading on bearings. 


Of all combustion systems, the choice narrows to 
four-stroke Otto cycle or two-stroke diesel. Speci- 








better. No new design of the same old types wall do. ‘The 
clean-sheet method must be applied with a careful search 
of all mechanisms and combustion systems for the one best 
combination. ‘The purpose of this paper is to aid in that 
search. 

A survey ot this sort, to be usetul, has to be critical. The 
best engine form, mechanism, combustion system, or com 
bination thereof, is best not so much because of its virtues 
as because of the worse taults of the alternatives. To apply 
the process of elimination, it is necessary to see faults as 
well as virtues. 


mw Engine Form or Shape 


The best engine form tor high-speed flying is that hay 
ing the lowest powerplant drag. The engines compared in 
Fig. 1 are in the 2000-hp class with the same displacement, 
cycle, valves, and rating. They differ essentially only in 
cylinder arrangement. On the basis of engine form alone, 
you would not choose the radial. Clever cowling has cut 
down the disturbance of its fat face, but engine form drag 
still tends to be proportional to frontal area. The reason 
for the current tendency to revert to in-line types is their 
lower head resistance. Follow through with this reason 


[This paper was presented at the National Aeronautic Meetiny of 
the Society, Washington, D. C., March 14, 1940.] 
1 Menasco advertisement 
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30 


lb with 7 sq ft frontal area) 


by £E.S. HALL 


Manager, The Round Engine Patents 





fications are given of a four-stroke gasoline engine 
using current poppet-valve practice, capable of de- 
livering 3000 hp at 3000 rpm, weighing 2700 Ib with 
6 sq ft frontal area. 


Limitations on cylinder size are all limitations of 
four-cycle or of crank and poppet-valve mecha- 
nisms; larger cylinders are practicable with the two- 
stroke diesel. 


The opposed-piston type is only second-best. Best, 
is the normal type with double-ended piston mem- 
bers, essentially double-acting with piston inertia 
serving the flywheel function of offsetting peak cyl- 
inder loads to smooth the torque. Possible breathing 
systems are discussed and specifications are given 
for a two-stroke diesel capable of development to 
deliver 5000 hp from 3000 Ib with 7 sq ft frontal 


area. 








ing: The engine which “flies through the air with the 
greatest ot ease” is the barrel engine with cylinders parallel 
to the shaft. “You wouldn't shoot a bullet .sideways.”! 


Why push cylinders that way? 

The barrel engine packs a surprising piston displacement 
behind a modest face, the advantage increasing with engine 
size. In a barrel engine, 

piston displacement % (engine diameter )*. 
Depending on the choice of mechanism, number of cylin- 
ders, and stroke / bore ratio, the piston displacement may be 

3000 to 5000 cu in. with an engine diameter of 30 in., 

5000 to 8000 cu in. with an engine diameter of 36 in., and 


15,000 to 30,000 cu In. 2000 CU In. 


with the diameter of < 
single-row radial. 

Compactness of the barrel engine is one of the reasons 
why it can be developed to fill William B. Stout’s order: 
100 hp—100 lb—$100. A step in that direction is the 
50-hp two-stroke barrel engine of Fig. 2, designed by Lee 
Oldfield, and recently flight-tested. A roo-hp four-stroke 
engine 230 piston displacement need be only 
in diameter. 


ol cu in. 
12 in. 

For the largest power outputs, the greater relative com 
pactness of the barrel engine puts it into a class by itself. 
Other engines can cut their form resistance as low only by 
being submerged in the wing, but the additional weight 
of that installation more than offsets its advantage. No 
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m Fig. 2-—50-hp supercharged two-stroke wabbler engine designed 
by Lee Oldfield and recently flight-tested 


matter how you look at it, the barrel engine has the least 


drag tor its power by a wide margin. But what good 
a streamlined figure if it will not work? 


build 


ls it possible to 


a mechanism for converting piston thrust parallel to 


the shaft into shaft rotation, able to stand up as well 
does the crank mechanism? But how good is this stand 
ard, the crank mechanism? (Fig. 3). 


@ The Crank Mechanism 


If the crank mechanism in an aircraft engine could have 
cross-heads, piston action could be so much more precise. 


Trunk pistons, too short to stay coaxial with the cylinders, 
































| = a —\ p=——wid-etroke position 
SF SS 
SNe RT 
————————— —¥ 
Al Fg \ \ cocking piston 
/ ) 4 disturbs ring action 
é i } j 
‘\ = e r 
Y 
Dn ae 
t ~ 
t top center 
n T oi) ie \ 
12% more 


(in travel over top al 





















center t with harmoni 
motion in) the same vim i 
| 
| Lh 
. wid-stroke 
| z 
} Yi | 





ower top ocenter|than with 
harmonic motion 





higher piston) inertia | 
| 
| 
| 














/ piston 


with o 


oe leration 
mechanism 


~ harmonic motipn 

| 

| 

ge = 
useless 


centrifugal 
load 





( 











m Fig. 3 —Idiosyncrasies of the crank mechanism 




































































slap and cock and upset ring action, preventing 
of the best performance. 

Connecting-rod angularity makes the piston go over top 
center much faster than over bottom-center. 
in three ways: 


attainment 


This is bad 
(1) it is the worst source of unbalance: 
(2) inertia forces over top-center run 25% higher than 
they would with harmonic motion, so the rings lose their 
seats by their own inertia, and blowby jumps, at cor- 
respondingly lower speed; and (3), if the engine is pushed 
\to its utmost performance where time for combustion is 
the limiting factor, shaft and piston speeds with the crank 
mechanism must be 12% slower than they would be for 
the same combustion time if the piston motion were har- 
monic. The performance that would be possible with 
harmonic motion must be discounted 12° 
privilege of using the crank mechanism. 

This discount is not ordinarily felt because other defects 
of the crank mechanism prevent the speed from appro. ach- 
ing the range where it comes in. One of these is useless 
connecting-rod loading, inertia loading without offsetting 
pressure in three out of four piston strokes, and heavy 
centrifugal loading, the latter especially bad in the radial 
where the centrifugal load on the master-rod bearing is 
three to five times the useful load, and getting worse as 
speeds increase since it increases with the square of the 
speed. 

In short, we put up with the defective crank mechanism 
because we do not know any better. There is no excuse 
for using it if we could find a barrel-engine mechanism as 
much superior as the form of the barrel engine is better 
for aircraft purposes than that of any other engine type. 


for the dubious 


@ Barrel-Engine Mechanisms 


Almost the only barrel-engine literature is that found in 
about a thousand patents, all of which show only a half- 
dozen different mechanisms. Of these, the bevel-gear type 
with individual radiating crankshafts geared to a common 
shaft, retains the faults of the crank mechanism and adds 


the weakness of gears which must take the reversal of load- 
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m Fig. 4-Bevel-gea: 
engine with oppositely 
rotating propellers — 
Reported being devel- 
oped by Regnier —In- 
vented by E. Gadoux 
andL.Crousse, 1938-40 


The 
4, in which the crank 
shaft pinions mesh with gears on oppositely rotating 
peller shafts. The crank mechanisms 
(Fig. 5) do not make the most of barrel-engine compact 
ness and are otherwise unsuitable for high-performance 
engines. The may be said for the angular rotary 
mechanisms in which the cylinder blocks rotate 
axis making an angle with the shaft axis. 

The three remaining types are: 


ing on the same teeth every cycle. 
arrangement is that shown in Fig. 


most promising 
pro 
single-ended conic 


5 


same 
about an 
(1) the swashplate and 
slipper mechanism, the swashplate fixed on the shaft, the 
slippers pivoted in the piston member; (2) the cylindrical 
cam mechanism, with roller cam followers on bearings in 
the piston members; and (3) the wabbler mechanism, the 
wabbler mounted on bearings on and inclined to the shaft, 
the rim of the wabbler connected with the pistons in one 
of several ways. 

(1) Swashplate and Slipper Mechanisms — An early bar 
rel-engine patent is that granted to Jabez Coney of 
1856 (Fig. 6). hemi-spherical, 
seated in sockets screwed axially through the pistons. The 
flat faces of the slippers co-act with the swashplate. Jabez 
Coney realized that he had much capacity in a small pack 
age. “The pump is compact in form ... and will throw 
the same quantity of water at each revolution, whatever 
be the speed.” 

Note the “straight-through” piston member, entirely con 
tained within the cylindrical limits, capable of being passed 
straight through the cylinder. 


Joston, 


dated The slippers are 


This is essential to compact 
ness and simplicity in a barrel mechanism for, if the piston 
member extends beyond these cylindrical limits, room for 
the reciprocation of the excrescence must be provided, in 
creasing the length and weight of the machine. 

About 60 years later, A. G. M. Michell, as an outgrowth 
of his work on pivoted slipper thrust bearings, invented 
the swashplate-slipper mechanism again (Fig. 7). Others 
also tried it, but Michell applied the principles of fluid-film 
lubrication and made it work efficiently. He 
that its piston motion is harmonic, and that 


also showed 


the piston 
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inertia couple can be balanced exactly by the centritugal 
couple of the swashplate to produce mathematically per 
fect dynamic balance. 

Michell-Crankless engines have been in commercial 
operation for years. This mechanism has excellent me- 
chanical efficiency. Slipper action is known to be efficient 
and the slipper speed limit of 200 fps which prevailed 











formerly has been removed by more care in keeping the 
“slant” well oiled. 








Slipper reaction includes heavy components of piston 
side thrust radial to the shaft. These components, useless 





in producing torque, increase piston friction and bend the 
piston member where it is weakest because of being notched 
to clear the swashplate. Consequently, the straight-through 
piston unit, essential to simplicity and minimum length, 














cannot have enough strength and rigidity in this mecha- 
nism for high-duty service. 


4 . . , , 2 . 
In an engine of this type built in 1929 (Fig. 8), the 
m Fig. 5 —Variable-stroke conic crank engine — Invented by John G. piston member was mounted on slipper guide bearings to 


Callan, 1906 accommodate its bending. Cramping of the main slippers 
due to flexure of the piston member may have contributed 
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m Fig. 6—Swashplate-slipper air : : OS , — = iinacinernennel = = 

pump —Inventor, Jabez Coney OR a y Pe pe 4 —— a : 

patented Dec. 16, 1856, Patent : ' == 
No. 16,229 
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m Fig. 7 -Swashplate- 
slipper air compressor — 
Inventor, A. G. M. Mich- 
ell, Feb. 5, 1924, Re. 15,- 
756 — Mechanism for the 
interconversion of recip- 
rocating and rotary mo- 
tion-—Original filed 
June II, 1918 
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m Fig. 8-Michell-Crankless aircraft engine tested 1929-30-—T. L. Sherman, 1928-33 — 12-cyl, 6.25x5.75 in. = 2120 cu in. displacement - 
Weight, 1350 lb —- Rated 800 hp at 2600 rpm —Delivered 480 hp at 2100 rpm before failure 


to their tailure whenever attempts were made to bring this 
engine up to power. 

The construction now favored seems to be that using 
two guide rods for the cross-head to slide on (Fig. 9). 
For a rigid piston member to operate on such guides, they 
would have to be exactly parallel to the cylinder axis and 
the right distance apart, impossible conditions with chang 
ing stress and temperature. One rod is therefore given 
the load, and the other eccentrically mounted to serve only 
to prevent rotation of the crosshead about the first. As 
further insurance against cramping, a jointed connecting 
rod may be used between the piston and cross-head. 
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The difficulties arising from the useless radial com 
ponents of slipper reaction in this mechanism involve more 
length, weight, and complication than desirable in trying 
for the highest specific performance. 

(2) Cylindrical Cam Mechanisms — Most of the many 
cam mechanisms proposed have been unnecessarily com 
plicated. Their peculiar troubles can be avoided by using 
simpler design. 

The cylindrical cam mechanism of ultimate simplicity 1s 
that of Karl L. Herrmann (Fig. 10). Counterweights 
and balancing problems are avoided by using the two 
throw cam, making the pistons balance themselves and 





= Fig. 9—Parallel-bar cross- 

head guides for an opposed- 

piston Michell - Crankless 

diesel engine —T. L. Sherman, 
1935-39 
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m Fig. 10—Simplest cylindrical cam mechanism and radial view of piston member — Karl L. Herrmann, 1936-40 


providing a halt-speed shaft, desirable in an aircratt engine. the rollers with their axes meeting at a point farther re 
Roller and pin troubles were eliminated by forming halt moved from the shaft (Fig. 11). This design permits a 


journal bearings in the piston members, permitting each smaller cam and a thicker bridge section, and gives the 


roller and pin to be integral. Straight-through piston roller reaction an outward radial component which directs 
members are practicable in the cam mechanism because of the resultant piston side thrust toward cylinder area not 
the absence of components of piston side thrust inwardly cut away to clear the cam. 
radial to the shaft. Even so, the one-sided inertia pull on 


the bridge combined with the off-center beam loading 


This construction removes all 
beam loading from the piston member and provides an 
effective cross-head for the straight-through piston member 
from roller reaction tangential to the cylinder circle, caused in the cam mechanism. 

trouble with piston deflection and breakage. Inclination of the rollers in this way is opposite to that 


The undesirable loading can be avoided by inclining which would give them better geometry for pure rolling, 
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m Fig. !1—Inclination of 
the rollers to provide SSSSESSIETDI 
stronger bridge section of - 
the piston and an effec- 
tive cross-head — Outward 
radial component Q di- 
rects the resultant piston 
side thrust R_ toward 
ample cylinder surface be- 
yond that cut away to 
clear cam-—E. S. Hall, 
1938-40 
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but this is an academic objection. Rollers in the cylindrical 
cam mechanism, even with perfect geometry, cannot roll 
without sliding. Their own flywheel action will not permit 
them to accelerate and decelerate enough for pure rolling 
on the changing gradient of the cam. 
not be desirable; gear teeth 
than at points where the contact is both rolling and sliding. 

Contact of the roller and cam is a point or a line, with 
out area. The materials deform under load until enough 
contact area is produced to support the load’. The cam 
loading is the more critical because the peak roller loads 
come repeatedly on the same points on it. It is well to 
study loading conditions of each design because improve- 
ment sometimes can be made by running at faster piston 
speeds or by making the piston members Aeavier, increas. 
ing the inertia loading relative to the gas pressure loading 
to shift the points of maximum loading from the convex 
parts of the cam to the concave portions where contact 
area with the roller can be developed with less deformation. 
Loading conditions are also much better with two-stroke 
cycle than with four-stroke, as will be discussed relative 
to the wabbler mechanism in connection with Fig. 27. 

Herrmann seems to be demonstrating that the cam can 
stand up in a small engine if the material, heat-treatment, 
and precision of the cam are excellent. Double the bore, 
and the piston thrust at a given piston speed increases four 
times. The contact area between the roller and cam must 
be four times greater for the same specific loading, and 
the deformation to produce such an area is apparently 
twice as great as with the smaller bore. But the deforma 
tion which the cam material can stand without failure is 
independent of size. Will a point be reached, as size 
increases, where the cam will be unable to stand the load 
ing long enough to be useful? 

Final answers will be found only by experience with 
enough cam engines. The life and dependability of the 
cam mechanism may even now be satisfactory for service 
in which the life of the engine is otherwise limited. Cer- 
tainly a cam engine with a pair of rotary plate valves fixed 
on its half-speed shaft, the shaft serving also as the intake 
manifold, is a type that could be produced in quantities 
in a hurry at half the cost per horsepower of any aircraft 
engine now in production. 


Pure rolling may 





fail at the pitch line rather 
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m Fig. !2 — Wabbler 

control wags the tail of 

the Hooke joint re- 

straint at twice engine 

speed—C. B. Redrup, 
1936 





m Fig. 


13-Wabbler restraint by bevel gears inside wabbler —C. 
G. Nevatt, 1936 


(3)Wabbler Mechanisms — An obvious way 
pistons to a wabble plate is by connecting rods 


and 12). 


to 

(Figs. 12 
The connecting rods must be universally jointed 
because of the three-dimensional movement of the wabbler. 
Correct wabbler motion 


connect 


is symmetrical. Similar points 
in the wabbler plane describe identical loci having the form 
of a spherical lemniscate (a figure 8 on the surface of a 
sphere) (Fig. 14). 


circle of diameter = 


In end view, this lemniscate is a small 
- R versine 6 in which R is the radius of 
the point in the wabbler plane, and ¢ is the angle of 
clination of the wabbler from normal to the shaft. 
point revolves about this small circle at 
speed and in the same sense. 

How the wabbler turns the shaft without rotating itself, 
can be understood from a consideration of forces on a 
wabbler arm at mid-stroke position 14). 


in 
The 


a rate twice shaft 


(Fig. The piston 


SAE Journal (Transactions), Vol. 47, No. 








thrust, P, acting upon the arm as a lever with a force 
P sec (, exerts a push upon one end of the Z-crank pin 
and a pull on the other end, turning the shaft. The plane 
of action of the wabbler arm lever being inclined to the 
piston thrust, the reaction produces side pressure, P tan ¢, 
on the wabbler arm joint. This is the torque reaction; 
the manner in which it is transmitted to the fixed parts 
of the engine determines whether the wabbler mechanism 
is a good one or not. 

Most wabbler mechanisms impose the engine torque re 
action upon the wabbler. This is obvious when connecting 


rods are used as in Figs. 12 and 13. If the wabbler were 


not held against rotation, piston thrust would merely turn 
the wabbler on its bearing, tangling up the rods and pro 
ducing no shaft rotation. A wabbler restraint capable of 
carrying the torque reaction while maintaining true wab 
bler motion has been hard to find. 

Any restraint which distorts the wabbler motion, such 
as a Hooke joint, a link swinging from the casing, or any 
are slider which compels a point on the wabbler to remain 
in One plane, introduces a mean vibration at twice shaft 
In the 
Fig. 12) the tail of the Hooke joint 


( 
was wagged by linkage with an eccentric on a lay shaft 


speed, undesirable in a high-performance engine. 
Bristol bus engine 


running twice engine speed, to approximate true wabbler 
Nevatt (Fig. 


wabbler to avoid the bastard gears usually necessary when 


motion. 13) shows bevel gears inside the 


outside bevels are used. These and similar wabbler re 


straints are not wholly satisfactory, and ball-jointed con 








radial view 
“4 


necting rods are not the most respectable machine elements. 

A simpler joint for connecting pistons to the wabbler 
has a large diameter piston pin with a transverse hole in 
it receiving a radially extending wabbler arm pin (Fig. 
15). This mechanism is simple and compact. However, 
it has inwardly radial components of piston side thrust 
like those in the swashplate mechanism and, if true wab 
bler motion is to be maintained, the piston pins must all 
have axial freedom in the pistons, some other means being 
provided for restraining the wabbler from rotation against 
the torque reaction. Usually one of the piston pins is 
axially fixed in the piston, in which case the entire engine 
torque reaction is taken by this one piston, the stroke 
motions of the several pistons are not equal, and the double 
time vibration is present. 

One way to avoid some of these troubles is to make the 
wabbler arms independent (Fig. 16) so that each arm can 
remain in the plane of the cylinder and shaft axes. This 
construction is similar to the independent connecting rods 
in the Le Rhone rotary engine but, in this case, the canti 
lever loading on the connections of the arms with the hub 
are not desirable and it is not easy to design an adequate 
hub structure within the available space. Similar limita 
tions apply when using a master arm and knuckle pins 
corresponding to the construction in radial engines. 

The circular end view of the lemniscate (Fig. 14) can 
be applied as a wabbler restraint. Almen used this prin 
ciple in some of his earlier engines (Fig. 17) and extended 
it also to prevent rotation of the piston members by off 


RCES IN A WABBLER MECHANISM HAVING BALL 
NTED CONNECTING RODS—THREE DIMENSIONAL WAB- 
BLER ARM MOVEMENT 


P sec g, on wabbler arm as a lever 
to turn the Z-crank 


raat 


Piston at 
Mid-Stroke 





P, piston thrust 


© p \ -longit. view 
f _—_ Ol 


Three Views 
of the spherical lemiscate, 
(wabbler arm path with correct wabbler motion) 





circular end view’ 


m Fig. 14 — Elementary 
wabbler mechanics 
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setting the two control elements in each piston, one to one 
side of the piston axis and the other to the other side. 
Nevatt, in a recent patent, revived the old idea of using 
the circular end view of the lemniscate as a wabbler re- 
straint. These constructions require precision in indexing 
both cylinders and wabbler arms, and with the load being 
passed from one arm to the next, chances for quiet opera- 
tion are not too good. 


gw The Best Wabbler Mechanism 


The best way to avoid troubles caused by torque reaction 
on the wabbler is to refrain from putting torque reaction 
on the wabbler. J. O. Almen devised the “floating wab- 
bler” to meet this condition. In its original form, it was 
used in the Model A-4 engine built at McCook Field 
(Figs. 18-23). While testing and development work on 
this engine were hardly more than started, a change in 
Army policy stopped the project before the excellence of 
the floating wabbler could be appreciated generally. The 
change in policy had nothing to do with the merits of 
the Almen engine, but was dictated by those who believed 





















m Fig. 15—Simplest wabbler mecha- 
nism—Roland Chilton, 1934-35—Radial 
wabbler arm pin operable in a trans- 
verse bore in the piston pin — One pis- 
ton pin is locked axially in its piston; 
this piston carries engine torque reac- 
tion | 





| 

that developments of this sort should be done by private | 
enterprise and that the Government should not compete 

with the engine manufacturers. | 

The log and test data on the Model A-4 engine are still | 

incomplete and unorganized; reports on Almen engines 
in the library at Wright Field refer to earlier engines. Tests, 
as far as completed, showed the mechanical efficiency of 
the wabbler mechanism to be higher than that of a crank 
mechanism, while the friction losses in the rotary-valve 
system were higher than those in a comparable poppet 


valve system. Under certain operating conditions, the 
wabbler was noisy; no control of the wabbler float axially 
on the wristpins had been provided. Based on the ex | 


perience with the Model A-4 engine, the design for the 
Model A-5 was laid out (Fig. 24). 

The superiority of this wabbler mechanism is obvious 
from its ability to run quietly at uniform output, without 
any control of the wabbler float, demonstrating the absence 
of torque reaction on the wabbler. The wabbler is practi 
cally free from torque because the wristpin axes are main | 
tained in the wabbler plane. Each wabbler arm is rotatable 
and slidable upon its wristpin. The wristpin carrier, like 
a trunk piston without head or rings, is rotatable and slid 
able in the bore through the piston. Every working sur 
face of the wabbler is a surface of 
wabbler axis or tangent to such a surface, so that essentially 
only friction forces can exert torque on the wabbler. The 
wabbler distributes the torque reaction among the several | 

J 
| 
| 
| 


revolution about the 


piston members without torque upon the wabbler itself. 
With no direct operating loads tending to turn the 
wabbler, a suitable restraint for it is easy to provide. When 
running uniformly as an engine, no restraint is necessary; 
the stroboscope shows that the wabbler floats in the middle 
region of its freedom on the wristpins. It is held there by 
the summation of small components of wristpin pressure 
which act radially inward in the wabbler plane tending to 
center the wabbler arms on the wristpins with enough 
effect to offset wabbler bearing friction. When operating 
conditions cause the predominating wristpin loading to 
occur after mid-stroke, as when the shaft tries to overrun 
the pistons, the summation of these small radial com 
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a Fig. 15—Independent wab- 
bler arms — C. B. Redrup, 
1929 
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a Fig. 17 —-Wabbler restraint 
based on circular end view of 
the spherical lemniscate 
movement of the wabbler 
orm—J. O. Almen, 1917 
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ponents may be outward, permitting the wabbler bearing 
friction to turn the wabbler to the limits of its freedom on 
the wristpins. This causes knocking of the wabbler arms 
on the wristpin carriers if no wabbler restraint is provided. 

Since only small forces are involved, any restraint can 
be made adequate for controlling the wabbler float. One 
arm may be locked axially on one of the wristpins, but 
this would necessitate twice the normal amount of axial 
freedom on arms go deg removed, and the stroke motions 
of the several piston members would no longer be identical. 
It is better to use a restraint capable of maintaining correct 
wabbler motion, such as any uniform-velocity universal 
joint connecting the wabbler and the fixed parts of the 
engine, or certain forms of gearing. The way believed to 
be most satisfactory is to let the wabbler float, with cush 
ions which come into play only when needed (Fig. 25). 
Cushions may be provided at little cost by forming the 
ends of the wabbler arm bushings as annular pistons to 
operate in counterbores in the wristpin carriers as dash 
pots, fed by oil from the pressure system, trapping oil and 
air, passing the duty of preventing metal-to-metal contact 
from one to another 18 times per revolution with a wabbler 
having 9 arms. 


m= Comparisons with Other Mechanisms 

Bearing loadings in the floating wabbler mechanism are 
quite low. In a straight-through piston member the wrist- 
pin bearing may have twice the area used in current radial 
engines of the same bore. The main wabbler bearings 
have the heaviest loading; they carry the entire engine out 
put. However, they are not burdened with useless centrit 
ugal loading, so carry only one-quarter the loads which 


m Fig. 18-Model A-4 Almen aircraft engine — Longitudinal section — 18 cyl, 4.25x 5.5 in. 
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the master rod of a radial engine must carry. Plain journal 
bearings, spherically mounted, can be used on a Z-crank, 
but a straight tubular shaft is preferable to a Z-crankshaft. 
Ball or roller bearings can be used on a straight shaft (Fig. 
25). The best wabbler bearing is believed to be the plain 
type, the wabbler riding on a circular swashplate, the bear 
ing faces either spherical or plane. A collar thrust bearing 
cannot carry heavy loads efficiently because the bearing 
surfaces are parallel and there is no way for the oil film to 
wedge in but, in this case, the load is not axial but a 
couple; the bearing surfaces are not parallel and the oi! 
can wedge in to produce good film lubrication. Mounting 
the wabbler on a swashplate with flooded lubrication from 
within, promoted by the centrifugal effect of the swash 
plate, is the simplest and least expensive wabbler bearing. 
That it is satisfactory, has not yet been demonstrated. How 
ever, slipper bearings, known to be practical and efficient 
with flooded lubrication, can be used in the wabbler if 
plain bearings do not come up to expectations. In any 
case, the specific loading on the wabbler bearing surfaces 
can be less than 400 |b per sq in. instead of more than 2000 
lb per sq in. as in the master rod of a radial engine. 
The best wabbler mechanism is a cross-head type (Fig. 
25). Straight-through piston members, the shortest pos 
sible in all barrel engines, are axially symmetrical and of 
ample strength and rigidity whether made in one piece or 
three. The bore through the piston member, in which 
the wristpin carrier operates, is radial to the shaft, so that 
no radial components of piston side thrust can exist. The 
only side loading on the piston member is the useful load, 
tangent to the shaft, the torque reaction, carried in the 
plane of its origin without beam loading on the piston 
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1404 cu in.—Frontal area, 3 sq ft— Diameter 
of barrel, 20.25 in.; overall length, 53.25 in. - Rated 425 hp at 2000 rpm; bmep, 120 |b per sq in. 
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MODEL A-4 ALMEN ENGINE 





m Fig. 19—- Exterior 


m Fig. 2! — Plate valve with four pairs of ports for 9 cyl 





a Fig. 20-— Working parts, pistons, plate valves, shaft 





member, the central portion of the piston forming a cross 
head operable with in the 
region of the cylinder tube as a cross-head guide. 


middle 
The 
as ring carriers; they 
cannot cock or slap; and the rings are always square with 
the cylinders. 


pressure lubrication 


pistons themselves are free to act 


Because of the lemniscate, the pistons have 
a small amount of rotation during their reciprocation, just 
enough to discourage ring-sticking. 

The piston stroke is symmetrical, but not quite harmonic. 
The piston goes over center more slowly than harmonic 
an amount depending on the wabbler angle. Piston inertia 
forces peak about 8%c less than with harmonic motion, 
instead of 25% more as in the crank mechanism, permit 
ting correspondingly higher piston speed. Similarly, when 
time for combustion is the limiting factor, the shaft speed 
with the wabbler mechanism for a given combustion time 
can be faster than with the crank mechanism. 

The wabbler mechanism is not inherently balanced like 


che two-throw cylindrical cam mechanism, but the piston 


a it 
IS A 


inertia forces form a couple of almost constant magnitude 
which can be counterbalanced quite well by a centrifugal 
couple. Instead of using heavy counterweights to fight 
the useless centrifugal loading on the master rod bearing 
as in the radial, or a heavy swashplate as preferred by 
Michell, the counterweights in the wabbler mechanism 
can be spaced far apart, toward the ends of the shaft, and 
can be of much less weight because of their long couple 


December, 1940 


515 


m Fig. 22 — Shaft and wabbler assembly 





a Fig. 23—Slipper wabbler bearings 





arm. The balancing loads on the main bearings may be 


correspondingly light and the stress path of the balancing 
blocks may be quite short, the piston 
impressed by the cylinder pressures 
on the cylinder heads while the centrifugal couple is im- 
pressed by main bearings substantially in the planes of 
the cylinder heads. 


forces in the cylinder 
inertia couple being 


The wabbler engine can operate 
smoothly without resort to wiggle weights or torsional 


dampers. Dynamic balance does not quite reach the per- 
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m Fig. 24-Model A-5 Almen aircraft engine design 


fection of that.in the Michell-Crankless, but it is inherently 
close enough to perfection for practical purposes. 

Barrel engines may be air cooled only by sacrifice of 
some of their compactness. Usually liquid cooling is pre- 
ferred. The construction shown in Fig. 25 is desirable; 
cylinder sleeves extend from one cylinder head to the other, 
as wet liners in both cylinder blocks. 


= Combustion Systems for Barrel Engines 


Having arrived at a barrel-engine mechanism better 
mechanically than the crank mechanism, what combustion 
system will make the most of its virtues? Those worth 
considering are: the familiar four-stroke cycle fed by a 
carburetor; and the two-stroke cycle with fuel injection. 
The two-stroke cycle with carburetor feed is ruled out by 
its poor economy. Four-stroke fuel-injection engines tend 
to be too heavy for aircraft and have little to recommend 
them aside from such personal reasons as the desire to use 
a pet combustion chamber, fondness for poppet valves, or 
the unwillingness to do the necessary development work to 
take advantage of the velocity and resonance in two-stroke 
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exhaust. The choice is between tour-stroke Otto cycle 


and two-stroke diesel, the latter term including all com 
pression-ignition engines without hair-splitting as to the 
shape of their indicator cards. The choice must be made 
on merit. Which combustion system will give the lowest 
specific weight, greatest reliability, and best all-round per 
formance in a barrel engine? 

Four-Stroke Gasoline Engines —The policy of one new 
thing at a time dictates adaptation of four-stroke poppet 
valve practice to the barrel engine. Concentric valve operat 
ing systems like that shown in Fig. 8 are possible, but 
congested. If the valves are to be inclined as in radial en 
gines, the best way to drive them seems to be with in 
dividual camshafts coaxial with the cylinders (Fig. 26). 
Each camshaft and its rocker arms are mounted in a rocker 
box bolted to the plane face of the cylinder block. Rocker 
arms can be pivoted eccentrically with tappet adjustments 
readily accessible on the outside of the rocker box. 

With a shaft for each cylinder, distribution of the coolant 
is easy by distribution of the water pumps, one pulling 
coolant from the radiator past each exhaust valve. Oil 
must be drained from the lower rocker boxes; why not put 
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an oil pump on each camshaft, using part of them as 
scavenge pumps and the others for pressure, all internal 
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engine oil lines being machined into the principal engine =e ae ae mammal 





parts? 

Spark-plug accessibility in the through-bolt wells is about 
as good as usual, with spark-plug axes elements of the same 
cone on which the valve axes lie. 

With 18 halt-speed camshafts conveniently distributed 
around the ends of the engine, accessory driving is easy 
the first me that an aircraft engine has had more accessory 
drives than the Army had use for. 

With attention to the problem of mixture distribution 
and with the usual help from the gasoline makers, an en 
gine of this type and size might be developed to delive: 
3000 bhp at 3000 rpm with a bmep of 214 lb per sq in. 
and piston speed of 3500 fpm. Weight would not be mor: 
than 2700 |b complete. Frontal area is 6 sq ft. 

The frontal area would be only 5 sq ft, the weight a 


little less, and the production cost very much less, if a pair 





of Almen plate valves could be used in place of 36 poppet 


valves (Figs. 18, 20, 21, and 24). Of course, it would be 





too bad to abandon the results of all the research work oes {) 
that had to be done to make poppet valves good enough = = ee —— a’ 
for a high-performance engine, but one-tenth of that work 1@) —, | 
applied to Almen plate valves would produce a valve sys i 2 : \ 
tem better adapted to the barrel engine. With rotary val “al H QY 
practice now available, the problems of the Almen valve big a pure: 
seal, oil control, cooling, material and surface finish, de « Fig. 26—Poppet-valve layout with 18 camshafts, convenient as 
posits, and efficient support for the thrust — are capable oi accessory drives— 18 cyl; 6.125x7 in. = 3712 cu in. displacement 


solution by any good research staff. The job is worth doing 
because of the enormous reduction in the number of bits 


in an aircraft engine, with correspondingly lower produc 


tion time and cost. More or Larger Cylinders — To get more than 3000 hp 


without another boost like 1oo-octane gasoline, more dis 
placement is needed. If cylinder size is limited by: 

(a) the impracticability of building a fire fast enough 
with two spark plugs in a cylinder of much more than 


_ eT 200 cu In.: 
iii — < % a a ) 
lil / = BY) A (b) the lower compression ratio required by the lower 
Wil yy Z| ° . . ¥ 
Hi | BY V4 surface, volume ratio of a larger cylinder; 
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Py, (c) inability to cool the center of a piston of much more 
than 6-in. diameter; 

(d) increasing reciprocating weights and higher bearing 
and piston friction; 








(e) less volumetric efficiency with poppet valves in 
larger cylinders; 

(f) inertia effects in poppet-valve mechanism; and/or 

(g) the principle of similitude which proves that a flock 
of small cylinders must weigh less per brake horsepower 
than a few bigger cylinders of the same total displacement, 
for a given piston speed: 





then obviously, to get more displacement, one must use 
more cylinders or get rid of the limitations. 

Use of more cylinders as the way to more power is 
fast approaching absurdity, out of reach of every cylinder 
arrangement except that of the corn-cob engine with its 
infinite multiplicity of cylinders and headaches — 84 valves, 
84 spark plugs, in one engine, and presently 108 of each! 
In sane moments, we can agree with three prominent en 
= gineers as reported by one of them in a recent letter: 

“Aircraft engines present to a higher degree than any 
other type of machinery the problem that failure of the 











m Fig. 25—- Recent design of the floating wabbler mechanism with 
cushion control — Pistons are cross-head type operating in one-piece 


; - - % : ‘ntire machine may be caused by failure of a small part. 
cylinder sleeves which serve as wet liners in both cylinder blocks > —— wa chine aan} be cat ed yi ilure of a small I art 
Great sacrifice can be made in some respects to obtain 
simplicity in design. . .. No one will seriously question this 
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view. .. . In the end, it must mean very much less complex 
mechanisms than the industry in general is thinking of. I 
would not forget this point of view, for I believe it will 
ultimately point the direction of aircraft-engine design.” 

Turning from more cylinders as the way to more power, 
to the aforementioned limitations on cylinder size, it is 
striking that all of them are limitations either of the four- 
stroke gasoline combustion system or of the crank and 
poppet-valve mechanisms. Larger cylinders, less attractive 
for burning gasoline for the reasons cited, are more attrac 
tive for compression-ignition. Diesel combustion is easier 
to control in a larger cylinder at somewhat slower shaft 
speed, with more time for combustion. 

The principle of similitude cannot be applied between 
small cylinders operating on a cycle peculiarly adapted to 
them and larger cylinders operating on another cycle better 
suited to larger cylinders. Another joker in the similitude 
deck is that piston speed does not have to be “given.” With 
only a small increase in piston speed with longer stroke, 
such as is easily possible with a good cross-head mechan- 
ism, the advantage of a flock of small cylinders evaporates, 
leaving the prospect of less weight per brake horsepower 
from fewer and larger cylinders. 


Friction mean effective pressure chargeable to rings 
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m Fig. 27 —Double-acting characteristics of a 3000-hp 18-cyl two 

stroke barrel diesel, E. S. Hall, 1938 — Piston inertia offsets peak cyl- 

inder pressures. Resultant piston thrust and turning effort have two 

moderate impulses per stroke, every stroke.. Engine torque curve 

shows 36 impulses per revolution from 18 cyl with a variation from 
mean torque of less than + 3% 
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less for a larger cylinder since ring contact area increases 
substantially with the bore while piston area increases with 
(bore)*. The piston speed limit imposed by increasing 
friction losses may be lifted by the cut in piston friction 
from the use of the cross-head. The double-ended piston 
member is too long to cock, and rings maintain good action 
at higher speeds when maintained squarely in working 
position. And the wabbler mechanism permits an increase 
in piston speed of 150 for the same combustion time. Add 
all these gains possible with the wabbler mechanism, and 
a speed of 4000 fpm = 3000 rpm with an 8-in. stroke, 
may be expected, especially in a normal barrel engine 
operating two-stroke, a combination unique, which favors 
high mechanical efficiency and smoothness at higher speed 
than would be practicable in any other engine type. 

Two-Stroke Fuel-Injection Engines— The conservative 
policy here would be to follow Junkers practice. The 
barrel engine offers an easier way to build the opposed 
piston engine. Two engine mechanisms can be mounted 
on the same shaft with their pistons facing each other in 
the same cylinders. This is a better way to use a proved 
combustion system, but it does not make the most of bar 
rel-engine compactness and the second reciprocating-rotary 
mechanism is a stiff price to pay tor getting rid of cylinder 
heads. Pistons overrunning exhaust ports only will need 
liquid cooling before reaching the output we have in view, 
and injector location on a combustion chamber between 
pistons is not all that could be desired. However, the 
principal reason for not using opposed pistons is that 
mechanical conditions in the normal two-stroke barrel 
engine can be so very much better. 

In the normal barrel engine, with double-ended piston 
members operating two-stroke at both ends, the engine is 
essentially double-acting. Piston inertia at every stroke 
serves the useful flywheel function of offsetting cylinder 
peak loadings to smooth out the torque curve, instead ot 
adding to bearing loadings and friction losses as in opposed 
piston and crank engines. For example, in Fig. 27, the 
indicator card at the lower left is rougher than need be 
expected in a two-stroke diesel, with maximum pressure 
1180 lb per sq in. At the upper right, the same pressures 
are plotted on a time basis for one revolution at both ends 
of the piston member. The pistons were given plenty ot 
metal for good heat flow and to provide enough mass to 
develop inertia force at cruising speed peaking somewhat 
more than half the maximum gas pressure. Inertia peaks 
are always opposite the gas pressure peaks, and the re 
sultant piston thrust has two moderate impulses per stroke, 
every stroke. 

Ot these two power impulses in each stroke, the primary 
is the greater, 500 lb per sq in., about equal to the maxi 
mum loading in an automobile engine, but the secondary 
impulse is more effective in producing torque because it 
occurs soon after mid-stroke when the mechanical advan 
tage of the pistons in turning the shaft is best. The engine 
torque curve shows 36 impulses per revolution trom 18 
cylinders, with a variation of less than +3 from the 
mean —the smoothest torque curve so far plotted for an 
internal-combustion engine. 

Piston and shaft speeds can be higher in an engine de 
signed to take advantage of this double acting condition. 
Expansion at one end can do the work of compression at 
the other end of the same piston member. Almost no 
negative work need be done by the mechanism on the 
pistons. The piston can bounce back and forth between 
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opposing gas pressures as fast as the combustion can be 
handled, and the combustion can be handled at 15% 
higher shaft speed than in a crank engine because the 
pistons go over center more slowly with the wabbler. 

High maximum cylinder pressures of the diesel cycle 
(which actually need be no higher than now tolerated in 
supercharged gasoline engines) are not so objectionable 
when they can be cut down to reasonable size by piston 
inertia before they reach the mechanism. Enough strength 
must be provided to take heavy combustion pressures which 
might occur at slow speed before piston inertia has built 
up so that, during normal operation, the mechanism is 
understressed, making tor dependable, long life. 

Add together: 

this double-acting characteristic and other factors which 
permit 15% to 25% higher piston and shaft speeds; 

plus the simplicity and somewhat better mechanical and 
thermal efficiencies of fewer and larger cylinders; 

plus the two-stroke cycle which can push the piston three 
fourths as hard twice as often for a net gain in hp per cu in. 
ol 50% 3 

plus the inherent compactness of the barrel-engine type 
which takes so little metal to surround so much displace 
ment; 
and the answer diesel aircraft engines weighing /ess 
than 1 lb per hp. 

The normal barrel two-stroke diesel weighing less than 
1 lb per hp can be built in one of several different ways. 
Choice of breathing system and other details must, how 
ever, be governed not only by their excellence but also by 
the way they fit into the barrel-engine picture. Certain 
simple forms of valving and the most advantageous ap 
plication of the turbo-blower are possible only with the 
parallel-cylinder arrangement. Unit fuel injectors also are 
applied readily and, together with open combustion cham 
bers, are demanded by the high performance desired. 

Uniflow scavenge is best obtained by using piston-con 
trolled intake ports with valves in the head. Conditions 
may be too severe for poppet valves. Even though diesel 
exhaust were cooler, would you ask the best valves avail 
able to pop twice as often and seat half as long? Possibly 
four valves operating in pairs, four-stroke, could be ar 
ranged. 

The sleeve valve, operating almost in time with the 
piston on a stroke about half as long, has a telescopic 
effect, permitting a surprisingly short engine — 48 in. over 
the cylinder heads with an 8-in. stroke. 

Holding high pressures in a diesel cylinder can be made 
somewhat simpler if confined to the seal of the piston in 
the cylinder by using an integral cylinder barrel and head, 
with port scavenging. Rings running over exhaust ports 
are not desirable, but “great sacrifice can be made in some 
respects to obtain simplicity in design.” To get effective 
loop scavenge, it is necessary to control the effective port 
opening and closing either by a delay valve outside the 
intake ports, or a cut-off valve outside the exhaust ports, 
or both. Valves for these purposes need not seal tightly 
and are easier to provide and drive with the convenient 
parallel arrangement of the cylinders. 

The best breathing and combustion system for the 
normal two-stroke barrel diesel is being determined by 
comparative study and experience, results of which may 
be discussed with interested and responsible parties. The 
port-scavenged engine may be the easiest to start with, but 
one of the uniflow types may prove best in the end. What 
sort of performance, bulk, and weight can be expected? 
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lor plenty of power, the easier way is to start with 
enough piston displacement. 


18 cyl 7 x 8 in. 5540 cu in. displacement 


Outside diameter of the engine 38 + B+ 5 in. 
30 in. Frontal area, 7 sq ft. 
Length of the power section ot the engine 48 in. 
Weight of this power section, 3-ft diameter x 4 ft 
long 2300 |b 


Weight of reduction gear, centrifugal blowers, 
and accessories, 1000 lb 
‘Total weight, 3300 lb 
Without too much development work, a bmep of 80 Ib 
per sq in. with a piston speed of 2000 fpm at 1500 rpm 


could be eX} ected: 


SO 1b (sq to K 5540 cuin L000 rps 
1G80 hp 


12 & 35,000 
This would make a good railroad and marine engine. The 
Navy could use an engine weighing 2 lb per hp and taking 
up one-fourth the room required for the best diesel of 
similar power now available. 

It we can learn how to design and specify materials for 
such an engine, the weight might be trimmed to 3000 Ib 
Develop the best breathing and combustion 
systems and, in due course, the bmep can be shoved up to 


complete. 


i20 lb per sq in. (less than two-thirds that now current 
practice in four-stroke gasoline engines), with piston speed 
4000 fpm at 3000 rpm (equivalent to about 2500 rpm with 
the crank mechanism): 


120 lb /sq in. 5540 cu in. 3000 rpm 


5040 hp 
12 «* 33.000 
There it is 


53000 hp 3000 lb 


7 sq tt trontal area, 
That order of performance can be had most easily by 


working along these lines. 





Lubrication and 
Engine Development 


OMPARING progress with development of 
lubricating oils, the former holds the preferred posi 


engine 


tion mostly because it is a product of a definite science. 

The influence of the volume of business obtained in sales 
directly to the public cannot be denied. This closely ties in 
with the advertising and merchandising principles em 
ployed by the individual oil companies in an effort to 
educate the public and build acceptance for their branded 
products. This has led to publicizing popular phrases, such 
as “solvent-extracted,’ “zero pour,’ “wax-free,” “carbon 
free,’ “unadulterated,” “varnish-free,” and a host of others. 

Now, considering the fact that a controversial subject has 
been placed directly in the hands of the public, the existing 
confusion could only have resulted. The fact that there are 
different theories on the subject permits anyone to argue 
his personal opinion and be reasonably sure of being on 
uncontested ground for lack of proof to the contrary. This 
condition certainly acts to the disadvantage of the progress 
to better lubrication. 

However, recent developments are encouraging due to 
research which is placing lubricating oils and all other 
petroleum products on a definite scientific basis. 

Excerpts from the paper of the same title by S. M. 
McKee, Nourse Oil Co., presented at the Kansas City 
Section Meeting of the Society, April 18, 1940. 
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APPLICATIONS OF ALUMINUM 


HE demand for lighter diesel engines is increasing, and 

the use of aluminum for the major castings in these 
engines is becoming a necessity to meet this demand. The 
Navy has done everything in its power to encourage manu 
tacturers to build lighter engines, and long-distance truckers 
find light engines more profitable as they make an in 
creased payload possible with a given overall vehicle 
weight. In practically every division of transportation, the 
light-weight power unit is becoming more important, and 
some of the new highway laws make the use of aluminum 
to reduce weight a necessity. 

In order to obtain the greatest practical reduction in the 
weight of an engine, the use of aluminum in major engine 
parts, such as cylinder heads, cylinder block and crankcase, 
pistons, gear covers, flywheel housings, and a great many 
of the smaller parts, is necessary. By using aluminum in 
these parts, conventional engines weighing 10 lb per hp 
can be built with practically no change in design or manu 
facturing practice. 

The latest design of a conventional light-weight, high 
output diesel engine using a large amount of aluminum is 
being built by The National Supply Co. and is shown in 
Fig. 1. 

This engine has aluminum cylinder heads, cylinder block 
and crankcase, aluminum pan, gear cover, flywheel hous 
ing, rocker-arm cover, supercharger housing and impellers, 
and aluminum for all other parts where it has proved 
practical and satisfactory. It weighs approximately 7.8 |b 
per hp dry and develops 160 bhp at 2400 rpm using 160 |b 
per sq in. bmep. 





{This paper was presented at the Semi-Annual Meeting of the Society. 


White Sulphur Springs, West Va., June 13, 1940.) 





| in increasing demand for lighter diesel engines 
by the U. S. Navy and by long-distance truckers 
is spotlighting aluminum as essential for major 
diesel-engine castings, Mr. Jardine states. In prac- 
tically every division of transportation, he con- 
tinues, the light-weight power unit is becoming more 
important, and some of the new highway laws make 
the use of weight-soving aluminum a necessity. 


The author theoretically dismantles a conven- 
tional light-weight, high-output diesel built by the 
National Supply Co. Unit by unit, he shows how 
aluminum has been substituted for iron and steel, 
and gives specific reasons for each substitution. 
Parts thus covered are: crankcase and cylinder 
block, cylinder sleeves, pistons, bearings, cylinder 
heads, valve seats, camshaft gears, flywheel hous- 
ing, and gear cover. This particular aluminum-and- 
steel engine, Mr. Jardine points out, weighs approx- 
imately 7.8 lb per hp, and the aluminum units were 
substituted with practically no change in design or 
manufacturing practice. 





Fig. 2 shows a cross-section of this engine and gives some 


idea of the type of construction used. There is no depar 
ture from standard or conventional design in this engine. 
The combustion system was developed by National Supply 
Co. engineers and requires the use ot 
possible the high mep obtained. The 





= Fig. | —- Conventional light-weight, high-output diesel, built by The National Supply Co., using a large amount of aluminum 
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aluminum to make 


piston is a conven 


in DIESEL ENGINES 


tional trunk-type design equipped with taper rings to 
insure against ring-sticking, and most of the stressed cast 
ings used are in the heat-treated strong alloy group. 

Some manufacturers of large engines have given the 
welded-steel crankcase and cylinder block considerable 
thought as a means of reducing weight and, in some cases, 
either have built a few of these engines or built them in 
production. When very small production is considered, 
this type of construction sometimes appears most econom1 
cal, but a satisfactory welded-steel crankcase requires con 
siderable research work, and this same crankcase and 
cylinder block can be made lighter by using an aluminum 
casting. Cast-iron crankcases will, no doubt, always be 
cheaper than aluminum for these parts but, where light 
weight is of importance, the saving in weight made pos 
sible by the use of aluminum usually pays very satisfactory 
dividends. 


w Major Parts Must Be of Aluminum 


Most manutacturers build conventional cast-iron and 
steel engines for what they call their standard engine. 
Some manufacturers build engines using a few of the 
smaller parts of aluminum which tends to reduce the 
weight of the engine a small amount, but very little is 
gained by this method of reducing weight because 5 or 6 
of the major parts made of aluminum will reduce the 
weight of an engine approximately 30°, and the other 15 
or 20 parts will reduce the weight only approximately 5%. 
If a truck operator or engine user wants to obtain a saving 
in weight which will be reflected in the earnings of the 
engine, the weight saving must be substantial or the bene 
fits will be lost in bookkeeping or the variation in the load 


carried. Som¢ companies manufacture special engines 


using as much aluminum as the customer feels that he 
requires, and the increase in cost over the standard heavy 
engine 1s in proportion to the amount of aluminum used 
or the saving in weight. 

When considering a weight-reduction program, it is very 
difficult to justify small reductions in weight but, by mak 
ing substantial reductions, it is possible to show real 
economy of operation. 

In order to build a comparatively light engine which 
could be supplied to users who can justify the increased 
ost of this engine on an economic basis over the standard 
iron and steel engine, new patterns should be built for the 
major parts such as cylinder block and crankcase, oil pan, 
cylinder head, flywheel housings, gear covers, and any 
other stressed parts. Each one of these parts should be 
redesigned for use in aluminum. Fig. 3 shows a con 
ventional cast-iron cylinder block and crankcase for a 
Cummins engine (right), along with a redesigned part for 
the same engine to be made of aluminum. When redesign 


ing for aluminum, it is necessary to increase some sections 
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a Fig. 2-Cross-section of aluminum-and-steel diesel engine shown 
in Fig. | 





to insure satisfactory rigidity and, while there are no set 
rules for redesign due to the difference in the ideas of 
designers, the difference in the characteristics of the mate 
rials used must be considered and taken care of. Most 
crankcases and cylinder blocks are stiff enough in the 
vertical direction to be made of aluminum with very minor 
changes. The stiffness sidewise should be considered care 
fully, also the stiffness of the top deck, the bearings, bearing 
webs, and the engine mountings. It is also important to 
blend all wall inter-sections by means of fillets, where there 
is a change in section, in order to eliminate shrinks and 
weak sections in the casting. Sharp corners should be 
eliminated and large radii used to insure against stress 
concentrations where fatigue cracks might start. Aluminum 
is somewhat more sensitive to sharp corners than iron o1 
steel, and this difference should and can be taken care of 
in the design with very little trouble. Blending of sections 











has been considered beneficial by the designer of the cast 
iron block shown in Fig. 3, and is always important for 
aluminum. In the past, the use of studs in aluminum has 
been frowned upon by many designers but, by use of the 
proper pitch, fit, and length of thread in the aluminum, 


ion liner. ‘Lhe iron liner must be thin enough to allow 
the aluminum outer shell to control the expansion. The 
shrink fit must hold at temperatures above the maximum 
sleeve temperature. When the aluminum sleeve expands 


due to a temperature rise, the iron liner expands with it. 


studs have proved satisfactory. All main-bearing stud This same construction can be used in a dry sleeve motos 
bosses should be blended into the bearing support walls to The thin iron liner reduces the amount of low 


distribute the load. It has been tound that tapered walls 
and proper blending of walls around the main bearings is 
very good practice. Fig. 4 shows a number of design 


conductivity iron through which the heat travels, increas 
ing the overall conductivity of the sleeve and reducing the 
tendency to have hot-spots. The joint between the alumi 


num sleeve and iron liner has very little effect on the flow 
strength of a given design with very little additional of heat through the sleeve. 
material. 


features which, when used, will greatly improve the 


This composite-type sleeve has not been in production in 
any engine, but the Aircooled Motors Corp. manufactures 
an air-cooled aluminum cylinder with a thin iron liner 


Fig. 5 shows practical equations commonly used to obtain 
proper radi and blending. 

When changing the material used in a given part from 
iron or steel to aluminum, it is usually possible to save 
50% ot the weight of the iron or steel part. When 
replacing a steel part, it is usually found necessary to use 
an aluminum forging. There have been cases where the 


which has been in production for some time. The com 
posite type of sleeve has been tested in the laboratory and 
has proved quite satisfactory from an expansion standpoint. 
It is possible to use either standard-hardness iron liners o1 
the hard 450-500 Brinell liners in this type of sleeve. The 
weight saving possible was reduced to 35% because alloy aluminum outer sleeve should be made of aluminum 
steel, not mild steel, was replaced by the aluminum or 


tubing which can be obtained with physical properties in 
because it was necessary to face the aluminum with hard excess of the properties of standard cast-iron sleeves. 
steel where rubbing occurred. 


The aluminum piston for the composite sleeve could be 
either a trunk-type or a slightly oval-type piston having 
two short horizontal slots below the ring belt or in the 
can be used to replace the standard iron sleeve. The object bottom ring 
of this sleeve is to reduce the weight of the sleeves used, 
obtain a more uniformly cooled cylinder wall, and have a 


Fig. 6 shows an aluminum sleeve with a cast-iron or 
steel liner. In most designs this type of composite sleeve 
groove. When a conventional trunk-typs 
piston is used, the piston clearance should be increased 
over that practical when using the slightly flexible slotted 


sleeve with the same expansion as the aluminum piston. piston. The ring land clearance can be reduced from what 
The iron liner is shrunk in place and must be made as thin is commonly used for an aluminum piston in the conven 


as practical to obtain satisfactory results. The inside of the tional iron cylinder. 
aluminum sleeve and the outside of the cast-iron liner 
should be machined smooth. After these parts have been 
assembled, the inside of the iron liner is finish-machined 


A great deal of work has been done in the past several 
vears on aluminum alloys as bearing materials. It has been 
found that these alloys show no signs of corrosion in any 
commercial lubricating oil, even under abnormal oil tem 
peratures. These bearings will carry as heavy a load as the 
best bearing materials being used today in standard diesel 


round, smooth, and straight in the same manner as 1s the 
conventional iron sleeve. The aluminum outer shell of the 
composite sleeve must be heavy enough to compress the 
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a Fig. 5- Practical equations commonly used to obtain proper radii and blending in the de- 


sign of aluminum-alloy parts 


engines, and there is no danger of bond fatigue, as the 
bearing is made in one piece of cast, rolled, or extruded 
aluminum, depending on the service expected. They should 
be fitted with practically the same clearance as used with 
copper-lead bearings and run on a hardened shaft. 

In order to obtain proper expansion between the alumi- 
num cylinder and the push rod, a rod made of aluminum 
tubing should be used. Such a rod is lighter than the steel 
‘ push rod and permits higher speeds or has less tendency to 
bounce at a given speed. 

Aluminum cylinder heads are not only lighter than iron 
heads, but have been found necessary to obtain the maxi 
mum performance from the National Supply Co.’s engine 
shown in Fig. No. 1. As more engines are supercharged 
and the speeds increased, the necessity for using aluminum 
cylinder heads will become more apparent. This material 
conducts the heat more rapidly than iron; therefore, it will 
eliminate hot-spots and heat problems which are often 
present in high-output high-speed engines. The definite 
trend toward highly turbulent combustion chambers and 
increased speeds also will increase the heat problems in 
cylinder heads which problems can be overcome by the 
use of aluminum. The use of precombustion chambers 
produces a variation in combustion temperatures which 
can be either reduced or eliminated by use of aluminum. 

Most cylinder heads are complicated castings and water 
passages must be provided to insure uniform temperature 
around the valve seats and nozzles as shown in Fig. 7. In 
order to insure satisfactory water passage between the 
valves and around the nozzle, an aluminum tube was cast 
in place, in this way eliminating the danger of a broken 
core which would result in a plugged passage or solid 
aluminum where water was supposed to be. This tube also 
supplies water directly to the nozzle boss to insure proper 
nozzle cooling. 

Fig. 8 shows the tube in place, also the type of section 








4. 
































nm Fig. 6—Aluminum sleeve with cast- 
iron or steel liner 


blending considered necessary to obtain the best results. [1 
has been found that high-velocity uniform water flow, 
directed to insure good valve and nozzle cooling, will 
result in improved performance when high mep is used. 

It is very often necessary to increase the thickness of th 
exhaust-passage walls. A nozzle mounted directly in the 
than mounted in 
There is no need of water cooling the nozzle itself, but 


aluminum is cooler when cast iron 


precaution should be taken to insure good cooling around 
the nozzle boss. 

All cylinder head hold-down bolts should be necked 
down to allow for stretch, and all hold-down nuts should 
have heavy washers under them to reduce the pressure on 
the bolt bosses to a point well below the crushing load ot 
the aluminum. Cap screws to hold cylinder heads down 
are not practical for aluminum engines. 

The standard 
practice, and no doubt will be until combustion tempera 


use of aluminum-bronze valve seats 1s 
tures are increased to a point where the aluminum-bronze 
will not stand up, when it will be necessary to use steel. 
All valve seats are shrunk in, using approximately 0.0025 
to 0.0035 in. per in. shrink. 

The use of an aluminum engine will not increase the 
corrosion difficulties of the operators over what they have 
already experienced with cast iron, if proper precaution is 
taken. great 


majority of the aluminum cylinder heads used have devel 


Recent investigations show that, while a 


oped practically no corrosion after many years of service, 
a few have failed as a result of harmful salts in the cooling 
water. The principal cause for this corrosion is a high 
concentration of chloride, and this trouble can be practi 
cally eliminated by the use of a soluble oil inhibitor in the 
coolant. It also has been found that the impingement of 
water of high velocity on exposed aluminum surfaces will 
erode these surfaces. This trouble should be eliminated by 


proper gasket design to eliminate impingement. 
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a Fig. 7—Section of aluminum-alloy cylinder head showing water 
passages provided to insure uniform temperature around the valve 
seats and nozzles 


In some engines where salt water is used for cooling, a 
heat exchanger is now standard, making fresh water cool 
ing possible. The use of a heat exchanger also makes it 
possible to use a corrosion inhibitor in the same way as it 
can be used in all other closed circulating systems where 
fresh water is added as it is either lost or evaporated. All 
engines corrode, and inhibitors should be used regardless 
of the material used in the cylinder block and heads. 

The use of an aluminum camshaft gear will insure 
greater quietness of the gears and give better service than 
the fabric gears commonly used for quietness. 

Ball bearings should be mounted in a steel bushing, 
shrunk or pressed in the aluminum, but roller bearings can 
be mounted directly in the aluminum, using approximately 
0.00075 tO 0.00125 1n. per 1n. shrink for the outer race. 

When designing flywheel housings or gear covers which 
carry the weight of the engine, the stress set up in these 
parts should be distributed over a wide area by blending 


the walls, and any tendency toward stress concentration 
should be avoided. 

There are a large number of small engine parts which 
can be made of aluminum without any change in section 
and using the same patterns as used for iron with a small 
amount of waxing. These parts will have a weight saving 
of approximately 60% of the weight of the iron part. The 
average weight saving for all castings would be between 

5 and 50%. 


4 The reduction in weight of a standard 
4%, x 5" 


in. Cummins engine, using aluminum wherever 
practical, would be approximately 500 Ib which would 
mean a reduction of 20% of the total weight. The stand 
ard engine has a number of aluminum parts on it. 

In practically all cases where the iron part has been 
changed to aluminum, these parts can be made to fit the 
same jigs and fixtures. The additional tool expense will 
be very small. When machining aluminum, the cutters 
should be changed and the cutting speeds increased to 
obtain the best results; however, when necessary, the 
aluminum parts can be machined on the same line as the 
iron parts without tool change. By increasing the cutter 
speeds, the machining time is reduced and the light-weight 
parts make faster handling possible. In this way, the cost 
of machining aluminum is reduced. 

The cost of an aluminum-and-steel engine over the cost 
of the iron-and-steel engine will depend on the design, 
quantity, and size, but the average aluminum and steel 
engine should cost approximately 25 to 40¢ more per lb ot 
weight saved as compared with the heavy engine, which 1s 
not considered too high by operators of large trucks used 
for long-distance hauling. In the West, freight-line oper 
ators feel that a pound of weight saved is worth a dollar a 
year when the unit is in operation 100,000 miles a year. 

In conclusion, it has been shown that a standard iron 
and-steel diesel engine can be changed to an aluminum 
and-steel engine and obtain a weight of approximately 
16 lb per hp; also, that a new light-weight engine can be 
built weighing approximately 7.8 lb per hp. These engines 
are in demand by both the Navy and long-distance haulers. 
The increased cost of these lighter engines is low enough 
to be economical, and the reduction in weight obtained 
will result in a real profit to the operator. 





= Fig. 8-Sections of aluminum-alloy cylinder head showing aluminum tube cast in place to eliminate the danger of a broken core. The 
photographs also show the type of section blending considered necessary to obtain the best results 
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Effectiveness of the BURNING PROCESS | 





(The Use of Thermodynamic Charts in the Analysis of Flame-Picture and Pressure Data) 


by LLOYD WITHROW 
and WALTER CORNELIUS 


Research Laboratories Division, General Motors Corp. 


HIS paper uses the thermodynamic charts which were 
developed by H. C. Hottel and co-workers! ** 4 to 
determine the fraction of the liberated heat energy that 
can be accounted for by the pressure developed during the 
burning period in each of five different engine explosions. 
Simultaneously with the recording of the pressures de- 
veloped in each explosion, high-speed motion pictures® 
of the inflammation process were photographed. Three 
sets of flame-picture and pressure data were taken while 
operating the single-cylinder quartz-window engine on 
iso-octane, and two sets of data while running on benzene. 
The fractions of the liberated heat energy accounted for at 
the end of the inflammation period in the respective explo 
sions are considered to be estimates of the “effectiveness” 
of combustion. 


Since the thermodynamic charts are now used quite 
extensively for the examination of various engine cycles* ° 
no attempt will be made to describe them in detail. 
It probably will suffice to say that the charts consist es 
sentially of several different graphs which show the rela 
tionships between the pressure, temperature, volume, in- 
ternal energy, enthalpy, and entropy of given amounts of 
working fluid composed of fixed air-fuel mixtures. Separate 
sobictys White Sulphur Springs, ‘West Va. June 13, 1940.) 


of the 


1See SAE Transactions, October, 1936, pp. 409-424: _“Thermo- 
dynamic Properties of the Working Fluid in Internal-Combustion 
Engines,” by R. L. Hershey, J. E. Eberhardt and H. C. Hottel. : 

2 See Chemical Reviews, Vol. 21, 1937, pp. 438-460: ““A Mollier 
diagram for the Internal-Combustion Engine,” by H. C. Hottel and 
J. E. Eberhardt. : 
“ 8See Journal I. A. S., Vol. 5, No. 5, March, 1938, pp. 203-207: 
“Note on Effect of Hydrogen-Carbon Ratio of Fuel on Validity of 


Vollier Diagrams for Internal-Combustion Engines,” by H. C. 
H. C. Hottel. 
4The chart showing the thermodynamic properties of the combustion 
products of a benzene-air mixture containing 85% theoretical air was 
generously supplied by Prof. H. C. Hottel of Massachusetts Institute of 
Technology. Reproductions of the charts used for analyzing the explo 
sions of iso-octane-air mixtures may be found in the book “The 
Internal Combustion Engine,” written by Taylor and Taylor and 
published by the International Textbook Co. 

5 See SAE Transactions, August, 1936, pp. 
Shows Knocking and Non-Knocking Explosions,” 
Gerald M. Rassweiler. 

® See SAE Transactions, May, 


Tsien and 


297-304: “Slow Motion 
by Lloyd Withrow and 


1938, pp. 185-204: “Motion Pictures 


of Engine Flames Correlated with Pressure Cards,” by Gerald M. 
Rassweiler and Lloyd Withrow. 

7 See SAE Transactions, January, 1940, pp. 25-48: “Engine Com- 
bustion and Pressure Development,’”’ by Gerald M. Rassweiler, Lloyd 
Withrow, and Walter Cornelius. 

8 See pp. 35-43: “The Internal Combustion Engine,” by C. F. Taylor 
and E. S. Tay'or, International Textbook Co., 1938. 

®See p. 48: “Internal Combustion Engines,’ by L. C. Lichty, 


McGraw-Hill Book Co., 1939. 

See The Journal of the American Chemical Society, Vol. 55, 
January, 1933, pp. 153-172: “Heat Capacity, Entropy, and Free Energy 
of Gaseous Nitric Oxide,’ by Herrick T. Johnston and Alan T 
Chapman 
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OMBUSTION was found to be approximately 

81°, effective in five different explosions which 
were recorded by means of high-speed motion pic- 
tures and pressure cards while running the engine 
on iso-octane and benzene, the authors report. The 
term "81°, effective," they explain, means that, 
according to modern thermodynamic data, only 
81% of the liberated heat energy is accounted for 
by the pressures observed during combustion; in 
other words, 19°/, of the liberated heat energy is 
apparently lost from the working fluid. 


The flame-picture and pressure data together 
with the Hottel thermodynamic charts make pos- 
sible a comparison of the actual rate of inflamma- 
tion of the charge with the rate of combustion 
required by the thermodynamic analysis for de- 
veloping the observed pressures. These two rates of 
combustion are approximately equal during the in- 
flammation of the first 10°/, of the weight of the 
charge and during the inflammation of the last 
50°. They differ markedly when the actual rate of 
inflammation is a maximum, and this value is at- 
tained in the present engine when from 25 to 40%, 
of the weight of charge is burned. 


As the actual rate of inflammation of the charge 
reaches and passes through its maximum value, most 
of the 19°/, of the liberated heat energy that is not 
accounted for at the end of the burning period dis- 
appears from the working fluid. The apparent 
energy losses occur in time intervals equivalent to 
from 2 to 7 crankshaft deg. in the five explosions 
reproduced herein. The flame pictures show that 
the intensity of the afterglow radiation increases 
sharply during the period in which the apparent 
energy losses occur. 


charts are used to show the relationships between thes¢ 
thermodynamic properties before and after combustion. 
The relationships between the various thermodynamic 
quantities were developed from modern thermodynamic 
data assuming that combustion occurs under adiabatic 
conditions and that chemical equilibrium is established in 
the products of combustion. 

The modern thermodynamic data pertaining to the con 
stituents of the working fluid after combustion are said 
to be very accurate. This is particularly true of the spec 
troscopic specific heat data’:?° which now cover the 
entire range of temperatures encountered in the engine. 
Consequently, it appears that the thermodynamic charts 
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should be invaluable in an investigation of the heat losses 
during combustion in the gasoline engine, especially so as 
data become available on the pressure developed as a 
function of the amount of charge burned. 

The correlation of the pressure development with the 
amount of charge burned during gasoline-engine explo- 
sions has been investigated vigorously at this laboratory for 
a number of years® *. The results indicate that, through 
out the burning period, the pressure rise due to combustion 
is rather closely related to the mass inflamed when both ot 
these quantities are expressed percentage-wise. In fact, this 
general relationship is even observed in some explosions in 
which there is definite evidence of stratification of the 
charge during and after its inflammation. But it is not to 
be concluded from the relationships found between the 
per cent mass burned and the per cent pressure rise due 
to combustion that a negligible amount of heat is lost from 
the charge during the burning period. Moreover, neither 
the nature of the methods employed nor the results ob 
tained in the correlation studies permit the deduction that 
the energy loss is proportional to the inflamed fraction of 
the mass. Thus, the earlier work furnishes little or no 
information about the heat losses occurring during the 
inflammation of the charge, and it is in this respect that 
it differs from the investigation that is now to be described. 

The present paper undertakes the determination of the 
magnitude of the heat losses during the burning period in 
the five different engine explosions. The thermodynamic 
analyses of the pressures observed in these explosions indi- 
cate that about 19% of the heat energy liberated during 
the entire explosion is not accounted for in terms of pres- 
sure at the end of flame propagation. Since these losses 
occur near the beginning of the expansion stroke, they 
represent appreciable reductions in engine power and 
efficiency. 

The extent of the reductions in power and efficiency 
resulting from the loss of a given amount of heat during 
combustion depends upon the effective expansion ratio of 
the engine. Under the conditions maintained for the pres- 
ent experiments (compression ratio of only 4.8:1), the 
complete elimination of the losses found with the thermo- 
dynamic charts would change the thermal efficiency of the 
engine from 22% to approximately 27% and would in 
crease the mean effective pressure from 100 lb per sq in. 
to around 120 |b per sq in. Thus, the thermodynamic 
analysis indicates that considerable gains may be had by 
reducing the heat losses that occur during combustion. 

In an effort to obtain a better insight into the nature and 
the causes of the energy losses, the time at which they 
occur is determined herein by comparing the respective 
quantities of charge which, according to the flame pictures, 
burn in successive 2.4 crankshaft deg intervals with corre- 
sponding quantities of charge which, according to the 
thermodynamic charts, must be burned to produce the 
observed pressure changes. Consequently, it is obvious that 
any errors in the determination from flame-picture and 
pressure data of the burned fractions of the mass will have 
a pronounced effect on the results obtained. In order to 
minimize this source of error, several improvements have 
been made in the methods of recording and evaluating the 
flame-picture and pressure data. These improvements will 
be discussed in connection with new experimental data now 


to be described. 





11 See SAE Transactions, March, 1936, pp. 90-96: “Relation of 
Exhaust-Gas Composition to Air-Fuel Ratio,” by B. A. D’Alleva and 
W. G. Lovell. 





Table 1— Engine Conditions 


Fuel 
Air-Fuel Consumed Spark Compres- 
Fig. Ratio in Average Position in sion 
No. Fuel (Average) Explosion, |b Chamber Ratio 
1 Iso-octane 15.0:1 6.85 « 10-° End 4.95:1 
2 Benzene 11.7:1 8.49 «x 10° Center 4.8:1 
3 Iso-octane 13.7:1 7.85 « 10 Center 4.8:1 
4 Benzene 11.2:1 9.46 « 10 Center 4.8:1 
5 Iso-octane 13.4:1 7.85 < 10 Center 4.8:1 


w Description of Experimental Data 


Engine Conditions — All of the explosions described 
herein were recorded while running the engine at goo rpm 
with the throttle full open and with a spark advance of 
12 deg. This spark advance was the maximum power 
setting when the engine was operated on mixtures con 
taining from 85 to go% theoretical air. The fuel was 
carbureted by means of a simple jet and venturi. Except 
for the addition of a small amount of heat to the shell ot 
the venturi to prevent freezing of benzene on the jet, no 
means were provided for adding heat to the mixture before 
it entered the engine. The remaining engine conditions 
are given in Table 1. 

The air-fuel ratios in the third column in Table 1 were 
obtained from the carbon dioxide and the carbon monoxide 
contents of samples of exhaust gases which were removed 
from the exhaust system shortly after the exposure of each 
respective picture. Simultaneously with the sampling of 
the exhaust gases the fuel rate was measured. From the 
latter data the values in column 4 of Table 1 were com 
puted. There is some possibility, of course, that the average 
values in columns 3 and 4 do not represent accurately the 
air-fuel mixtures that were actually burned in the corre 
sponding single explosions which were photographed. But 
the error from this source is probably no greater than the 
inherent errors in the use of exhaust-gas analyses to deter 
mine the air-fuel ratio. In this connection, D’Alleva and 
Lovell’! have found that the air-fuel ratio measured at the 
intake system is from 2 to 4% richer than that obtained 
from exhaust-gas analysis. 

Referring again to Table 1, it is to be noted that one ot 
the five explosions was photographed while operating on a 
theoretical mixture of iso-octane and air and with the spark 
located at the end of the chamber. The four remaining 
explosions were photographed while running the engine 
alternately on benzene and iso-octane and while holding 
the engine conditions as constant as was practicable. Con 
sequently, the flame pictures should show points of simi 
larity as well as points of difference in the combustion of 
these two fuels in the engine. 

Description of the Flame Pictures— Flame pictures of 
the respective explosions described in Table 1 are repro 
duced in Figs. 1 to 5, inclusive. These pictures were 
photographed on Agfa ultra-speed film, which is said to 
be twice as fast as the film that was used in previous 
experiments. With the new film, it was not necessary to 
add sodium vapor to the intake mixture to obtain pictures 
of the flame just after ignition. Since the engine was 
pumning no appreciable amount of oil, and since the fuel 
was sufficiently vaporized before combustion began, the 
flames usually had a bright blue appearance. Consequently, 
the difference in photographic effectiveness of the radiation 
coming from the flame fronts and afterglows was not 
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masked out either by radiation trom added sodium vapor 
or from incomplete combustion of the lubricating oil. 
Thus, the pictures in the present paper are superior to 
many of the earlier pictures in showing detail in and 
behind the flame fronts, particularly during the early part 
of the combustion process. 

In processing the negatives, an effort was made to con 
trol the developing time so that the flame-front regions 
would be readily discernible, and also so that the benzene 
and iso-octane pictures would be of comparable densities 
despite the difference in brilliance of the flames when 
operating on these two fuels. The latter effort was only 
partially effective. Although the films for the benzene 
pictures were developed for only 1o min and the films for 
the iso-octane pictures were developed for 45 min, the 
negatives of the benzene pictures are much darker than 
the negatives of the iso-octane pictures. It appears, there 
fore, that the radiation from the benzene explosions is 
several times more intense in the photographic spectral 


region than the radiation from engine explosions of iso 


octane and air. On the reproduced prints only a part ot 
this difference is evident. But a general inspection of the 
flame pictures in Figs. 1 to 5, inclusive, shows that the 
benzene explosions produce pictures having a greater con 
trast between the burned and unburned portions than do 
those of the iso-octane explosions. 

In view of the amount of detail that is visible on the 
flame pictures in Figs. 1 to 5, inclusive, a careful exam- 
ination of them is quite instructive. In general, it will be 
noted that the flame pictures do not exhibit narrow, well 
defined flame-front images until about 60% of the mass 
is inflamed. Consider the flame pictures in Fig. 1, for 
example. The flame front is fairly narrow and quite 
distinct in frames 14 to 24. But, in the early phases of the 
explosion, the photographic images of the combustion zone 
around the outside of the inflamed charge are rather wide 
and poorly defined as to forward and rear boundaries. 
The variations in the intensity of the light emitted from 
this portion of the flame envelopes indicate that the surface 
of the flame envelope is quite irregular. On this account, 
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it is difficult to determine from these pictures whether or 
not the surface of the flame envelope is a thin layer in 
which the combustion of the fuel-air mixture is taking 
place. Additional information about the physical nature of 
the flame surfaces will be obtained by examining closely 
the flame pictures in Fig. 2. 
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The flame pictures in Fig. 2 show the progress of the 
inflammation in a benzene explosion which, as mentioned 
previously, produced a much more brilliant flame than did 
the iso-octane explosion that is pictured in Fig. 1. On this 
account the details of the flame-front structure reproduce 
more clearly in the pictures in Fig. 2 than in Fig. 1. The 





% MASS BURNED (FLAME PICTURES) 
% WASS REQUIRED BY THERMO, CHARTS 








% WASS BURNED INCREMENTS (FLAME PICT.) 
S MASS INCREMENTS REQUIRED (CHARTS) 
MASS INCREWENTS UNACCOUNTED FOR 

BY THE PRESSURES DEVELOPED 





FRAMES 7 TO i2 





CRANK ANGLE (DESREES) 
ENGINE PRESSURE { L8S./ SQ, IN, ABS.) 120 130 


“2.0 


+0.4 








% MASS BURNED (FLAME PICTURES) i 4 
% WASS REQUIRED BY THERMO, CHARTS i 3 


149 179 223 


9 6 28 4) 





ZWASS BURNED INCREMENTS ( FLAME PiCl.) 3 4 
% MASS INCREMENTS REQUIRED (CHARTS) 2 
MASS INCREMENTS UNACCOUNTED FOR 

BY THE PRESSURES DEVELOPED =! +2 








=3 =i0 





FRAMES i3 TO 18 














CRANK ANGLE (DEGREES) +12,4 +14,8 

ENGINE PRESSURE (L8S./SQ, IN, ABS.) 348 ae aL, 345 

% MASS BURNED (FLAME PICTURES) 73 81 

% WASS REQUIRED BY THERMO.CHARTS 54 63 

% MASS BURNED INCREMENTS (FLAME PicT.§ & 

% WASS INCREMENTS REQUIRED (CHARTS) 

MASS INCREMENTS UNACCOUNTED FOR | 
BY THE PRESSURES DEVELOPED +1 3 - 1 - 





FRAMES 19 10 24 


CRANK ANGLE (OEGREES) 
ENGINE PRESSURE ({ LBS./ SQ. IN, ABS.) 





cy 


+36,4 


+34,0 








@ WASS BURNED [FLAME PICTURES) 
% MASS REQUIRED BY THERMO, CHARTS 
% MASS BURNED INCREMENTS (FLAME PICT. ! 
% WASS INCREMENTS REQUIRED (CHARTS) i 
MASS INCREMENTS UNACCOUNTED FOR 

BY THE PF: SjiURES DEVELOPED a) 











FRAMES 25 10 30 





CRANK ANGLE (DEGREES) 
ENGINE PRESSURE (i8S./ SQ. iN, ARS,’ 
¥ MASS BURNED (FLAME PicTURES) 
@ WASS REQUIRED BY THERMO, CHARIS a 
% WASS BURNED INCREMENTS (FLAME PICT.) 
% MASS INCREMENTS REQUIRED (CHARTS) - OC —— a 
\ MASS INCREMENTS UNACCOUNTED FOR 
BY THE PRESSURES DEVELOPED 0 


249 











m Fig. 3—Inflammation of an iso-octane-air mixture containing 91% theoretical air 


530 


SAE Journal (Transactions), Vol. 47, No. 6 





difference is particularly evident in the early phases of the 
flame propagation. Thus, in frames 7 to g of Fig. 2, for 
example, the charge burns non-uniformly in numerous 
striae. In addition, a dark area is present in the central 
portions of the flame envelope in frame 8 (see also Fig. 6). 
In the next two succeeding frames, g and 10, this area 
increases rapidly in size. A study of the pictures of this 
explosion and of other similarly recorded pictures suggests 
that the dark area appears when the flame front touches 
the lower side of the quartz window and that it increases 
in size as the flame front propagates on through the charge. 
In frames the forward and 
rear boundaries of the flame-front zone are fairly well 
defined. 


8 to 13, inclusive, of Fig. 2, 


The projected widths of the flame-front areas are quite 
wide on these pictures because the following two effects 
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tend to broaden the images and to make them less distinct: 

(1) The curvature of the flame envelope in the vertical 
plane — At the point of ignition the combustion space is 
about % in. deep and, since the flame envelope is expand 
ing in all directions, it is natural that it should be curved 
to some degree. When the flame tront passes over the 
piston where the average depth of the combustion space 
decreases rapidly to about '4 in., the projected flame-tront 
areas shown by the flame pictures decrease in width. 

(2) The motion of the fame front as each frame is 
photographed —To appreciate this second possibility, it 
should be remembered that the duration of the exposure 
of each frame in these pictures is approximately equal to 
the time interval between frames. Thus, the apparent 
flame front areas are widened by the forward movement 


of the flame fronts during each exposure. The outer edge 
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of the flame front area as recorded in the photograph is the 
position which the forward surface of the flame front occu- 
pied at the end of exposure of the frame. 

A careful inspection of the flame pictures in Figs. 2 to 5, 
inclusive, reveals no marked and consistent differences in 
the appearance of the flame fronts when operating the 
engine on either benzene or iso-octane. It is true, of course, 
that despite the difference in developing time for the ben- 
zene as compared to the iso-octane pictures, some of the 
benzene explosions are on the over-exposed side. But an 
examination of the flame fronts shows that they are not 
distinctly wider than the iso-octane flame fronts. Further- 
more, pictures taken with either fuel exhibit distinct, 
narrow flame-front images only during the last part of the 
burn; in the early frames, the inflamed charge has a rough, 
irregular appearance. Also, the occasional spurts of flame 
accompanied by sudden changes in the width of the pro- 
jected image of the flame front appear frequently in both 
the iso-octane and the benzene pictures. To sum up the 
results of the visual inspection, it might be stated then that 
nothing is to be observed on any of the flame pictures 
which would lead one to expect any differences between 
the two fuels so far as the errors involved in the correlation 
of the pressure development and the progress of combustion 
are concerned. 

Use of Plaster Casts To Determine Fractional Volume 
Inflamed in the Respective Flame Pictures in Figs. 1 to 5, 
inclusive — The determination of the inflamed fractions of 
the volume was effected in previous work® by projecting 
the flame images on plaster casts of the combustion space, 
tracing the forward edges of the flame-front images on the 
casts, and subsequently determining the fractional volume 
inflamed. A moment's consideration of the actual shapes 
of the flame fronts in connection with the flame front areas 
on the pictures, indicates that values determined in this 
manner would most certainly be too large because of the 
vertical curvature of the flame surfaces. 

On the other hand, if the respective casts are marked at 
the rear of the flame-front images, the inflamed fractions 
of the volume would most likely be too small because of 
the forward motion of the suziace of the flame envelope 
during the exposure of each picture. And so, in order to 
obtain values of the inflamed fractions of the volume which 
approach more nearly the correct amounts, a compromise 
between the two methods of marking the casts was effected 
in the following manner. 

The respective volumes representing inflamed charge 
were measured by the cast method, first, by locating the 
rear surfaces of the flame-front images on the respective 
casts, and then, by tracing the forward edges of the flame 
fronts on the casts. The inflamed volumes found by these 
two methods of sectioning the casts are given in Fig. 6 
beneath frames 7 to 14 of each of the five explosions. 
Moreover, the rear edges of the flame front, along which 
the casts were actually cut, have been outlined in all pic 
tures in Fig. 6 where the flame front widths are discernible. 
It will be noted that no indications of the rear edges of the 
flame fronts are in evidence on some of the pictures. 

In comparing these two methods of evaluating the flame 
pictures, it is to be observed that, during the early phases 
of the inflammation, corresponding values of inflamed vol 
ume differ quite appreciably from each other. These differ 





12 See SAE Transactions, July, 1928, pp. 87-97: ‘“‘A New Electrical 
Engine Indicator;’’ see also The Electrical Journal, Vol. 27, February, 
1930, pp. 87-91: “An Electrical Engine Indicator;’’ both by E. J. 
Martin and D. F. Caris. 
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ences, however, diminish rapidly as the flame progresses 
through the mixture. Since the true values of inflamed 
volumes lie somewhere between these two respective sets 
of volume determinations, the values beneath each frame 
were averaged. The data obtained in this manner were 
used together with the pressure measurements for com- 
puting the corresponding values of mass burned® that aré 
listed in Figs. 1 to 5, inclusive. 

Pressure Measurements — Simultaneously with the photo 
graphing of the flame pictures, pressure-time cards were 
recorded with the carbon-stack indicator and calibrating 
equipment that was previously described® 1°. This instru- 
mentation has been modified somewhat in order to increase 
the accuracy of the pressure measurements: 

(1) To improve the pressure scale, a new cylinder block 
was built so that both the carbon-stack and balanced- 
diaphragm indicators could be mounted in the combustion 
chamber with the quartz window in place. The carbon- 
stack indicator was then calibrated immediately before and 
after photographing each pressure card and corresponding 
set of flame pictures, both calibrations being made without 
stopping the engine or disturbing the indicators. 

(2) The time scale was elongated so that 1 in. along the 
time axis represented about 15 crankshaft deg instead of 
30 crankshaft deg as was the case in former experiments. 

On each of the pressure cards, the pressure was measured 
at points on the time axis corresponding to the end of 
exposure of each successive flame picture. The respective 
pressure measurements are listed beneath the corresponding 
flame pictures in Figs. 1 to 5, inclusive. An inspection of 
these data shows that pressure changes ranging from o to 
70 lb per sq in. occurred in the 2.4 crankshaft-deg intervals 
between the ends of exposure of consecutive pictures. These 
pressure changes are produced by a combination of factors 
consisting principally of the following: the release of the 
heat of combustion of the fuel, the volume changes due to 
piston motion, and the heat losses from the working fluid. 
The remainder of this paper pays particular attention to 
the effects of the latter factor on the pressures developed. 


m Effectiveness of the Burning Process 


The problem now to be solved is the determination ot 
the fraction of the total weight of charge that would have 
to be lost in order to produce the observed pressures if 
combustion had occurred under adiabatic conditions and 
it chemical equilibrium had been established in the work- 
ing fluid immediately after the passage of the flame front. 
The total amounts of fuel actually burned in each of these 
explosions are given in Table 1. The engine pressures and 
the values of the per cent mass burned (flame pictures) 
are listed beneath corresponding frames in Figs. 1 to 5, 
inclusive. As already mentioned, the observed pressures 
are affected markedly by the changes in combustion- 
chamber volume that are produced by piston motion. Con 
sequently, these changes must be taken into account in 
determining the effectiveness of the combustion process 
with the thermodynamic charts. 

Two different procedures have been followed in apply 
ing the thermodynamic charts to this problem. In the 
subsequent discussion, one of these procedures will be 
referred to as the constant-volume method and the other 
as the constant-pressure method. The mode of application 
of these methods will now be outlined briefly using data 
from the explosion in Fig. 1 as an illustrative example. 
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Constant-Volume Method of Using Thermodynamic 
Charts to Determine the Effectiveness of Combustion 
The first phase of the constant-volume method consists in 
finding the pressure rise that vould’ have been observed if 
the piston had ceased moving at the instant of ignition 
and if combustion had proceeded in just the same manner 


as in the actual explosion. The procedure followed in 
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effects of volume changes due to piston motion was 
described previously®. The values found by applying this 
procedure to the data from Fig. 1 are compared with the 
observed pressure-time card and with the per cent mass 
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= Fig. 5—Inflammation of an iso-octane-air mixture containing 89% theoretical air 
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a Fig. 6-Estimated positions of the rear edges of the flame fronts in frames 7 to 14 of each of the explosions reproduced in Figs 
1 to 5, inclusive 
stant total volume of 8.19 cu in. while operating with a amount of charge of a given air-fuel mixture under 
theoretical air-fuel mixture was 316 lb per sq in. constant-volume conditions may be found in the publica- 
To determine the effectiveness of combustion in this tion by Hershey, Eberhardt, and Hottel as well as in two 
explosion, the constant-volume method then evaluates the of the recently published books on the internal-combustion 
ratio of 316 lb per sq in. to the theoretical pressure rise engine® ®, The procedure used in the present work differs 
which would be observed if combustion had occurred under from that previously applied only in the manner of entry 
adiabatic conditions and at a constant total volume of 8.19 into the chart showing the the rmodyn: umic properties of 
cu. in. The theoretical pressure rise will now be determined the unburned charge. Here, the pressure and volume of a 
from the thermodynamic charts with data pertaining to the fixed weight of charge of a given air-fuel ratio at the time 
explosion in Fig. 1 of ignition is used instead of the pressure and temperature 
_ Engine Data Required for the Determination of the at the beginning of the compression stroke. Thus, for the 
Theoretical Pressure Rise Due to Combustion with the computation now to be outlined, the following quantities 
Thermodynamic Charts — The general method of using the were observed experimentally. 
thermodynamic charts for determining the maximum pres- (1) The pressure of the unburned charge at the time of 
sure which can be developed by the combustion of a fixed ignition. 
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(2) The air-fuel ratio as well as the fuel rate. (The air- 
fuel ratio must approximate one of the air-fuel ratios used 
in constructing the charts.) 

(3) The volume of the combustion space at the time of 
ignition. 

(4) The concentration of the unscavenged gas. (Under 
the engine conditions used for the present work, the con- 
centration of the unscavenged gas was approximately 10% 
by weight. The experimental method of measuring the 
unscavenged gas concentration is described in Appendix I.) 

Application of Thermodynamic Charts to Data from the 
Explosion in Fig. 1— The graphical determination of the 
pressure rise due to combustion is made in three steps as 
follows: 

Step 1— The first phase of this problem consists in the 
determination of the volume at ignition that will contain 
the equivalent of 1 lb of air plus fuel-air ratio lb of fuel 
if the charge density is the same as that existing in the 
engine. This volume is 

1 + fuel-air ratio) lb of charge 
Weight of chs urge in each e explosion 
Ignition volume, cu in. 
—— = cu ft of volume 1) 
1728 cu in. 

Substituting in the foregoing equation from the values 
listed in Appendix II gives 4.14 cu ft for the volume of 
(1 + fuel-air ratio) lb of the charge which was burned in 
the explosion reproduced in Fig. 1. 
the “base quantity” 
been constructed. 

Step 2— The Sensible Internal Energy of the Base Quan- 
tity of charge is next determined from the appropriate 
unburned chart. In the case of the explosion portrayed in 
Fig. 1, a point is located on the chart representing the 
properties of theoretical fuel-air mixtures in the unburned 
state at an ignition pressure of 118 lb per sq in. absolute 
and a volume of 4.14 cu ft. The corresponding value of 
171 Btu, as read from the Sensible Internal Energy scale 
includes the energy put into the charge by the compression 
process. Adding the Sensible Internal Energy to the heat 
of combustion of the unburned iso-octane (1157 Btu) con- 
tained in the base quantity of charge gives 1328 Btu for the 
Total Internal Energy. 

Step 3—At this point special attention is called to the 
fact that the 1328 Btu is the Total Internal Energy of 4.14 
cu ft of charge that has the same density as that in the 
engine at the time of ignition. Consequently, the gaseous 
pressure after the release of the heat of combustion in the 
base quantity of charge is the same as that which would 
develop in the engine if perfect adiabatic combustion had 
occurred at the time of ignition. According to the appro- 
priate thermodynamic chart, the pressure of such a system 
is 482 lb per sq in. absolute. Subtracting the compression 
pressure from this quantity gives 364 lb per sq in. for the 
theoretical pressure rise. 

It will be noted that the theoretical value of 364 lb per 
sq in. is considerably higher than the value of 316 lb 
per sq in. which was derived from the actual pressure card. 
On the basis of this comparison, the effectiveness of the 
burning process in the explosion in Fig. 1 is 


This is the volume of 
of charge for which the charts have 


316 Ib per sq in. 7 ae 
? = 0.87 or 87% 
364 Ib per sq in. 
In other words, about 13% of the heat energy released 
from the fuel is not accounted for in terms of pressure 
development at the end of the burning period. 
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It is obvious that the accuracy of this method of deter- 
mining the heat losses from the burning mixture depends 
upon the reliability of the procedure for finding the pres- 
sure rise due to combustion from the actual pressure card. 
As is indicated in a previous paper®, one of the question- 
able points about this procedure is concerned with the 
significance of the values of pressure rise due to combustion 
when part of the heat is lost to the combustion-chamber 
walls. One of the best ways of clearing up this difficulty 
appears to be the redetermination of the energy losses in 
the explosion in Fig. 1 by a method which does not require 
the pressure rise due to combustion. 

Constant-Pressure Method of Using Thermodynamic 
Charts to Determine the Effectiveness of Combustion — 
The constant-pressure method of finding the effectiveness 
of combustion in a given engine explosion consists essen- 
tially in the determination of the respective fractions of the 
weight of charge which, if burned under adiabatic con- 
ditions and in the proper sequence, would produce the 
pressure changes which are observed in short intervals 
between ignition and the end of combustion. At the end 
of the inflammation period or shortly thereafter, the 
thermodynamic charts require no further additions of 
energy to the working fluid to account for the pressure 
changes observed during the remainder of the cycle. Thus, 
the algebraic summation of the respective fractions of the 
weight of charge required by the charts to produce the 
pressure changes observed between ignition and the end of 
the burning period is a measure of the effectiveness of 
combustion. 

It is obvious that a step-wise procedure such as that 
which is now being discussed yields results which increase 
in accuracy as the number of steps is increased. In the 
present work, however, the minimum values for the steps 
were set by the intervals between the exposures of succes- 
sive flame pictures. The computations were carried out 
therefore for time intervals or steps equivalent to 2.4 deg 
of crankshaft revolution through the portions of the explo- 
sions in which combustion was very rapid. Where the rate 
of combustion was quite slow, the labor involved in the 
computations was reduced by taking steps larger than 2.4 
crankshaft deg. 

To determine with the charts the fraction of the charge 
which must be burned under adiabatic conditions to pro- 
duce the pressure change observed in any given step, the 
following behavior of the charge is postulated: 

1. That those portions of the charge which are already 
burned at the beginning of any given interval are com- 
pressed adiabatically from the pressure prevailing in the 
engine at the beginning of the step to that at the end. 

2. That the portion of the charge which burns during 
each given step is first compressed adiabatically in the 
unburned state from the initial pressure to the mean 
pressure prevailing in the engine during the interval under 
consideration; is then burned under constant-pressure con- 
ditions; and, finally, is compressed adiabatically in the 
burned state from the mean pressure to the pressure ob- 
served at the end of the step. 

3. That the portion of the charge which is to be left 
unburned at the end of the interval is compressed adiabati- 
cally from the initial to the final pressure. 

In the present investigation two different procedures 
have been used to find the fraction of charge which must 
be burned under adiabatic conditions to produce the pres- 
sure change that was observed during each respective step. 
One of these methods has been called the “Energy-Balance” 





procedure and the other, the “Volume-Balance” procedure. 
The fundamental nature of each of these two procedures 
will now be outlined briefly: 

Energy Balance Procedure — This method is essentially 
the same as that which was described by Eberhardt and 
Hottel in Chemical Reviews for 19377. It consists in keep- 
ing account of three quantities, as follows: (a) the Total 
Internal Energy of the Whole Charge; (b) the Total 
Internal Energy of the Unburned Portion of the Charge; 
(c) the Total Internal Energies of the Several Increments 
comprising the Burned Portion of the Charge. At the end 
‘of any given step, 


Total Internal 
Energy of 
Whole Charge 


Total Internal Total Internal 
= Energy of Unburned + Energy of Burned 
Portion of Charge Portion of Charge 
(2) 


In setting up this equality with the thermodynamic 
charts, it is more convenient to read Pressure, Temperature, 
Volume, and Total Internal Energy of the Base Quantity 
of the Charge than it is to determine these values for the 
quantity of material that is actually burned in the engine. 
The base quantity of material used in constructing the 
charts is an amount containing the equivalent of 1 lb of 
air. If this quantity of charge has the same average density 
as that which is actually burning in the engine, it is pos- 
sible to read Pressures and Temperatures directly from the 
charts, but the Total Internal Energy and Volume must be 
scaled down to obtain values comparable with those in the 
engine. This presents no difficulty since the inflamed frac- 
tions of the mass are to be obtained. 

If, in addition to considering the Base Quantity of 
charge, the fraction of the mass of charge burned in the 
first step is denoted by /\Ci, and the fraction of the un- 


burned charge by (1 — AC), the following relationship 
may be set up: 


Total Internal Energy 
of Base Quantity of 
Whole Charge 


Total Internal Energy 
of Base Quantity of 
Unburned Charge 


Total Internal Energy 
+ of Base Quantity 
of Burned Charge 


(1 —AC)) 
AC, 


The chief complication that arises in setting up the energy 
balance results from the fact that, at any given time, the 
respective increments of burned charge have different den- 
sities and temperatures. For this reason, it is necessary to 
keep a separate account of the Total Internal Energy of 
each respective increment of charge after it is burned in a 
given explosion. To do this, the charts are consulted to 
find a Total Internal Energy value of a Base Quantity of 
Burned Charge when it has the same density and temper- 
ature as the particular increment at the given time. The 
value of Total Internal Energy of a Base Quantity of 
charge is multiplied by the fraction of the mass of charge 
representing that particular increment. Then, at any time, 
the summation of the Total Internal Energies of all the 
increments gives the Total Internal Energy of the burned 
charge. For example, the energy relationship for the nth 
step may be expressed algebraically as follows: 


E; = hd [1 os (AC; AC; +. — aC.) | + 


E,” AC, + BE,” AC, +....E,” AC, (4) 
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where E; reters to the Total Internal Energy otf a Base 

Quantity of the Whole Charge, 

refers to the Total Internal Energy of a Base Quantity 

of the Unburned Charge, 

E” refers to the Total Internal Energy of a Base Quantity 
of Burned Charge, 


Ek’ 


A.C is the fraction of the mass of charge that is burned in 
each step, and the subscripts refer to the step number. 


When the proper numerical quantities are read from the 
charts and substituted in Equation (4), its solution gives 
the value for the fraction of the weight of charge which, 
if burned under adiabatic conditions, will produce the 
pressure change observed during the particular interval 
under consideration. Thus, if the burning period is broken 
up into a series of 13 successive intervals or steps as was 
the case for the explosion pictured in Fig. 1, it is necessary 
to set up and to solve Equation (4) 13 consecutive times. 
(Appendix II contains a detailed solution of this problem.) 
The quantities required for carrying out these operations 
are obtained from the experimental data taken from the 
engine together with the thermodynamic charts. 

The Volume-Balance Procedure — Before discussing the 
results obtained from the Energy-Balance procedure for 
determining the effectiveness of the combustion process in 
the engine, an alternative procedure, the Volume-Balance 
procedure, will be described. As its name implies, it con 
sists in setting up a volume balance instead of an energy 
balance. For instance, the following equality holds at any 
time during an engine explosion: 

Volume Occupied 

by Whole 

Charge 


Volume Occupied Volume Occupied 
by the Unburned + by the Burned 
Charge Charge 


Here again, it is more convenient to consider the com 
bustion of the Base Quantity of material for which the 
charts were constructed than to consider the quantity of 
material that is actually present in the combustion space. 
Consequently, if /\C, is the fraction of the mass of charge 
that is inflamed in the first step and if (1 /\C,) is the 
fraction of the charge that is not yet inflamed, we may 
write the following: 


Volume Occupied by 
Base Quantity of 
Whole Charge 


Volume Occupied by 
Base Quantity of 
Unburned Charge 


- Ae 
Volume Occupied by 


+ Base Quantity of 


(AC)) 
Burned Charge 


or, for the nth step 
Vi. = V’ [1 — (AC, + AC; +... ac.) | +V,"Ac 


+ V2"AC, +....Vn"AC, 


where V; is the volume occupied by a Base Quantity of the 
Whole Charge, 
is the volume occupied by a Base Quantity of Unburned 
Charge, 
V” is the volume occupied by a Base Quantity of Burned 
Charge, 
/\C is the fraction of the mass of charge that is burned in 
each step, and the subscripts refer to the step number 
or the interval. 


V’ 


Mass Increments of Charge Required for the Production 
of the Observed Pressure-Time Card According to the 
“Constant-Pressure” Method of Using the Thermodynamic 
Charts — Finally then, the use of the energy-balance and 
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the volume-balance procedures for finding the increments 
of mass that are required by the thermodynamic charts tor 
the production of the observed pressure-time card in a 
given explosion resolves itself into the solution of Equations 
(4) and (7). The solutions of each of these equations 
when applied to data taken trom the explosion in Fig. 1 
are included in the Appendix. Since the two equations 
give practically the same result for any particular mass 
increment, numerical averages of each corresponding pair 
ot values are presented adjacent to the heading, “% Mass 
Increments Required (Charts),” beneath the flame pictures 
in Figs. 1 to 5. 

The summation ot the successive increments of mass in 
each of the explosions in Figs. rts gives the total per 
cent mass of charge that is required by the thermodynamic 
charts tor the development of the observed pressure al 
various times during the burning process. These are pre 
sented in the lines headed by ““o Mass Required by 
Thermo. Charts” in the respective figures. At the end of 
combustion, or rather at the point in the cycle where, 
according to the charts, it becomes unnecessary to add more 
energy to the system to produce the observed pressure-time 
card, the sum of all of the increments of mass is equal to 
the effectiveness of the combustion process as obtained by 
the “constant-pressure” method. 

Comparison of the “Constant-Volume” and “Constant 
Pressure” Methods of Using the Thermodynamic Charts 
It will be noted that the constant-pressure method of deter 
mining the effectiveness of combustion differs markedly 
from the constant-volume method. The constant-pressure 
method uses the thermodynamic charts to determine the 
successive increments of mass which must be burned to 
produce the observed pressure changes in a series of short 
intervals. In each interval the volume changes due to 
piston motion are taken into account. The constant-volume 
method, on the other hand, attempts first to eliminate from 
the observed pressure-time card the pressure changes pro 
duced by the moving piston and then uses the thermo 
dynamic charts to determine the theoretical pressure rise 
under constant-volume conditions. On account of the dis 
tinct difference between the two methods of approach, it 
is of interest to compare the results obtained when both 
methods are applied to data from the same explosions. 

The values obtained tor the effectiveness of the burning 
process in the five different explosions are presented in 


Table 2— The Effectiveness of the Combustion Process in Five 
Different Explosions as Determined by the Constant-Volume and 
the Constant-Pressure Methods 


Constant-Volume Constant-Pressure 


Fig. No. Fuel Method Method 

q lso-octane 87% 83% 

2 Benzene 80% 78% 

3 iso-octane 78% 78% 

4 Benzene 78% 81% 

5 iso-octane 82% 84% 
Table 2. Column 3 of this table contains the respective 
values found with the constant-volume method, and 


column 4 contains the values found with the constant 
pressure method. An examination of these data shows: 
(a) that the two different methods of using the thermo 


‘8 See pp. 139-141: “The Internal Combustion Engine,’ by C. F 
Taylor and E. S. Tavlor, International Textbook Co., 1938. 

*See pp. 109-111: “Internal Combustion Engines,” by L. C. Lichty, 
McGraw-Hill Book Co., 1939 

5 See 1 7 “The High-Speed Internal-Combustion Engine,” by 


Harry R. Ricardo, Blackie and Son, [td., 1931. 
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dynamic charts give consistent results, (b) that the effec- 
tiveness of benzene explosions does not differ appreciably 
{rom the effectiveness of iso-octane explosions, and (c) that, 
in the explosions included in the present investigation, the 
fraction of the heat energy not accounted for in terms of 
pressure development at the end of the inflammation proc 
ess is about three times higher than the generally accepted 
value of 6% of the heat liberated by combustion’: ** *°. 


@ Heat Energy Not Accounted for by the Charts 


If the five explosions included in Table 2 are typical of 
all the explosions occurring under the conditions main- 
tained for the present work, the quantities of heat energy 
not accounted for by the thermodynamic charts may repre- 
sent appreciable reductions in engine power and efficiency. 
It is important, therefore, to learn as much as possible 
about what happened to the energy that disappeared. As 
a first step in this direction, the time and rate of disappear 
ance of the missing energy has been determined. This 
information was obtained by comparing the increments of 
mass of charge which, according to flame-picture and pres 
sure data, actually burned in successive time intervals with 
corresponding increments of mass required by the thermo 
dynamic charts for producing the observed changes in 
engine pressure. 

Mass Increments Required by Charts Compared with 
Corresponding Increments Obtained from Flame Pictures - 
The data beneath the flame pictures in Figs. 1 to 5, inclu- 
sive, compare (see lines 5 and 6) the per cent mass incre- 
ments shown to be inflamed by the flame-picture and 
pressure data with corresponding increments of mass re 
quired by the thermodynamic charts for producing the 
observed pressure changes. The differences between these 
two sets of values (see line 7) represent increments of mass 
which are not accounted for in terms of pressure develop 
ment. On the basis of theoretical relationships illustrated 
by Eberhardt and Hottel*, the mass increments unac- 
counted for by the pressures developed may be considered 
to be equal to energy increments expressed in terms of per 
cent of the total energy liberated by combustion in each 
explosion. The minus signs preceding some of these incre 
ments denote loss of energy from the working fluid and 
the plus signs denote energy addition. 

A study of the missing increments of energy in conjunc 
tion with the flame pictures is most interesting. Consider 
the data pertaining to the explosion in Fig. 2, for example. 
According to Table 2, column 4, this explosion is only 78% 
effective. In other words, about 22% of the liberated heat 
energy is not accounted for in terms of the pressures 
developed during the burning of the charge. The time of 
disappearance of this energy will now be examined in 
conjunction with the flame pictures of this explosion. 

In the time interval beginning at the instant-of ignition 
in frame 3 and lasting until the end of exposure of frame 6, 
the flame pictures show that 1% of the total weight of 
charge burned; the charts, however, indicate that the 
volume changes produced by piston motion suffice to 
account for the pressure increase from 108 to 116 lb per 
sq in. absolute. Thus, it appears that 1% of the heat 
liberated by the combustion by the entire charge has dis 
appeared during this interval. 

During the next three succeeding intervals of 2.4 crank 
shaft deg each, the flame picture increments of mass exceed 
the chart increments by from 2 to 4%. At the end of these 
three intervals, namely, at 2.8 deg after top dead-center, 








the flame-picture and pressure data show that the first 25% 
ot the charge has burned producing a pressure of 169 lb 
per sq in. absolute. The chart data, on the other hand, 
indicate that this pressure could have been developed by 
the adiabatic combustion of only 14% of the weight of the 
charge. 

Between 2.8 and 5.2 deg after top dead-center, the mass 
increment unaccounted for by the pressures developed is 
12%. This increment represents a quantity of heat energy 
equivalent to 12% of the total energy liberated by combus- 
tion during the entire explosion. It is also very important 
to note that this 12% is more than half of the 22% of the 
liberated heat energy that is not accounted for at the end 
of flame propagation. Consequently, a study of flame pic- 
tures taken at this phase in the inflammation process might 
be expected to furnish clues to the 
losses. 

Frame 9 was photographed just before the large energy 
loss occurred. In this picture the projected flame-front 
area is well defined. Since the gasoline and air combine 
chemically in the flame fronts, the flame picture in frame 9 
shows that the charge adjacent to the side walls in the 
throat of the combustion chamber is not completely burned 
(see Fig. 6, also). In frame 10 the flame front is divided 
into two main parts; one part has moved out over the 
piston and the other has propagated part way through the 
charge over the valves. These two flame pictures show, 
therefore that, between 2.8 and 5.2 deg past top dead- 
center, part of the charge was inflamed adjacent to the 
comparatively cold side walls of the combustion chamber. 

In addition to noting the changes in the positions of the 
flame fronts, it is important to observe the changes in the 
luminosity of the gases behind the flame fronts. In frame 9 
the floor of the combustion chamber is distinctly visible 
through the products of combustion. Apparently the tem- 
peratures of the CO. and OH molecules had not yet risen 
to the point where the afterglow radiation was appreciable. 
Between frames g and ro, namely, the period in which the 
12% energy loss occurred, the intensity of the afterglow 
increased very markedly. Thus, the flame pictures also 
suggest that part of the missing energy may have been 
used to transform the CO. and OH molecules into excited 
states. 

After the exposure of frame 10 at 5.2 deg after top dead- 
center, the increments of energy unaccounted for are again 
relatively small. During the interval beginning at 5.2 deg 
after top dead-center and lasting until the end of combus- 
tion at 22 deg past top dead-center, the algebraic sum of 
the energy losses and additions indicates that about 1% of 
the total heat liberated by combustion was added to the 
working fluid from some unknown source. In connection 
with this last observation it is interesting to note the fol- 
lowing: (a) that, during this period, the combustion 
chamber was filled almost entirely with inflamed charge 
which, according to the flame pictures, emitted a consider- 
able amount of afterglow radiation; (b) that maximum 
pressure was developed at about 15 deg past top dead- 
center; (c) that, even though an appreciable amount of 
charge was burned adjacent to the combustion-chamber 
walls (observe the interval between 12.4 and 17.2 deg after 
top dead-center, for example), the respective flame-picture 


causes of the energy 





16In observing the afterglow on the flame pictures, it is to be 
remembered that only very rough qualitative estimates of the changes 
in actual light intensity can be made from the photographic prints. 
The quantitative determination of the changes in light intensity by 
photographic means requires that flame pictures be recorded on film 
that is calibrated to establish a relationship between image density 
and light intensity. 





and chart increments show no large energy losses trom the 
working fluid. 

Observations similar to those just made on Fig. 2 also 
may be made on Fig. 3. This explosion was recorded 
immediately after that reproduced in Fig. 2 but with the 
engine operating on iso-octane instead of benzene. Thus, 
the data in these two figures might be expected to show 
any effects of changes in the carbon-hydrogen ratio in the 
fuel on the apparent time of and rate of disappearance of 
the heat energy. For the benzene explosion the engine was 
run on a mixture containing about 86% theoretical air; 
whereas, for the iso-octane explosion, it was run on a 
mixture containing an 


average of g1%o theoretical air. 


Both explosions were about 78% effective. 

An examination of the mass increments unaccounted tor 
by the pressures developed in the explosion reproduced in 
Fig. 3 indicates that the aye energy losses are com- 
paratively small up until 5.2 deg after top dead-center. At 
this time the flame-picture and pressure data show that 
18% of the total mass of the charge had burned and 
produced a pressure of 179 lb per sq in. absolute. To 
account for this pressure, the thermodynamic charts require 
the release of 160 of the total heat of combustion of the 
charge. 

Between 5.2 and 7.6 deg past top dead-center, a quantity 
ot energy equivalent to the heat liberated by combustion of 
10% of the entire weight of the charge is not accounted 
for. The flame pictures taken at this time and reproduced 
in Figs. 3 and 6 show that a considerable amount of charge 
was burning relatively close to the side‘ walls of the com- 
bustion chamber. Moreover, they also indicate that the 
intensity of the afterglow increased very markedly. 

In connection with the last observation it is interesting 
to note that, according to the photographic prints, the 
intensity of the afterglow radiation'® in the interval be 
tween 5.2 and 7.6 deg after top dead-center appears to be 
no greater than that between 7.6 and 10.0 deg. During the 
latter intervs al the thermodynamic analysis fails to account 
for only 3% of the total heat energy liberated by combus- 
tion. Thus, in this explosion, the high rate of energy loss 
does not appear to be related to the rate of increase of 
afterglow intensity. 

Jetween 10.0 deg after top dead-center and the end of 
inflammation of the charge at 31.6 deg past top dead-center, 
the mass increments not accounted for by the pressures 
developed in successive intervals range between —4% and 

-1%. It is rather surprising that the energy losses should 
be low during this period because the maximum pressures 
as well as the maximum average temperatures are devel 
oped in the working fluid. In addition, the afterglow 
radiation attained its maximum intensity. 

Finally, it will be observed that the thermodynamic 
charts require the addition of energy to the working fluid 
to account for pressures observed after flame propagation 
was complete. The quantity of energy needed between 
31.6 and 38.8 deg after top dead-center, amounts to 2% 
of the total heat liberated by combustion of the entire 
charge. From 38.8 deg on until the end of the expansion 
stroke, the charts indicate that heat was lost from the 
system at a comparatively slow rate. 

Referring now to the data in Fig. 4, which were taken 
from a benzene explosion, it may be recalled that, accord 
ing to Table 2, this explosion was only 81% effective. In 
other words, 19% of the total heat liberated during com 
bustion was not peat for in terms of pressure devel 
opment. According to the increments of missing energy 
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in Fig. 4, the analysis tails to account for 15% of the total 
heat liberated by combustion in the interval between top 
dead-center and 5.2 deg alter top dead-center. During this 
period the afterglow intensity again increased, and part of 
the charge was burned the combustion 
chamber walls. Between 5.2 deg past top dead-center and 
the completion of the inflammation of the charge, the 
charts account for practically all of the energy that was 
liberated by combustion. No further additions ot energy 
to the working fluid were needed to account for the pres 
sures observed after inflammation was complete. 

Passing on to Fig. it noted that the data 
pertaining to this explosion are similar in most respects to 
the data from the three other explosions which have just 
been described. 


adjacent to 


a 1S be 


For developing the successive pressures 
observed during the inflammation of the charge 
require the release of 81% 
of the charge. 


, the charts 
of the total heat of combustion 
After flame propagation was complete, an 
additional quantity of energy equivalent to 3% of the total 
heat liberated by combustion was needed to account for 
the pressure changes observed between 29.2 and 38.8 deg 
past top dead-center. 

Consider now the successive increments of energy that 
the thermodynamic analysis fails to account for in Fig. 5 
An examination of these values shows that a quantity of 
energy equivalent to the heat liberated by combustion of 
21% of the total weight of charge had no effect on the 
pressure development etme 
dead-center. 


5.2 and 12.4 deg past top 
x this interval the intensity of the after 
glow increased and some combustion occurred adjacent to 
the walls. Then, between 12.4 and 


12 


2.4 


Duri: 


7.2 deg past top dead 
center, the charts indicate that an amount of energy equiv 
alent to 5° of the heat of combustion of the charge 
re- mee? in the working fluid. Finally, the 
interval of 12 crankshaft deg beginning at 17.2 deg past 
top dead-center and lasting until the charge was completely 
inflamed, 4° of the total heat liberated by combustion of 
the charge is unaccounted for by the analysis. 

All four of the explosions which have just been dis 
cussed were recorded under comparable sets of engine 
conditions. In each 


during 


case, the engine was operated on 
maximum power mixtures with the point of ignition near 
the center of the combustion space. On these two points, 


the explosions in Figs. inclusive, 


differed from that 
For the latter explosion, the engine 
was operated on a theoretical air-fuel mixture with the 
point of ignition at the end of the space. 
According to the data in Table 2, column 4, this explosion 


2to 5, 
reproduced in Fig. r. 


combustion 


was about 83% effective. 

The time of disap pearance of part of the heat of com- 
bustion and the increase in intensity of the afterglow do 
not concur so closely in Fig. 


as in the other four figures 
that discussed. 


At deg 
dead-center, the flame pictures show that 7% 


already have been 2.8 


past 
of the total 
weight of — had inflamed producing a pressure of 
158 lb per sq in. absolute. To account for the pressures 
developed up to er point, the charts require the release 
of 10% of the heat of combustion of the entire charge. 
during the period between 2.8 and 10.0 deg past 
top dead-center, the thermodynamic charts fail to account 
for 17% the total heat liberated by combustion. Very 

in intensity of the afterglow is discernible on 
the flame pictures during the first 2.4 deg of this interval 
even though the energy of combustion of 6% 
disappeared. However, during the last 2.4 deg, namely, 
between 7.6 and 10.0 deg past top dead-center, when 8% 


top 


Then, 


of 
little change 


+ 


of the mass 
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of the total heat was indeterminate, the intensity of the 
afterglow radiation did increase visibly. 

Summary of the Observations of the Time of Disappear 
ance of the Energy not 


Accounted for by the Thermo- 
dynamic Charts 


In attempting to appraise the significance 
of the data in Figs. 1 to 5, inclusive, it is to be borne in 
mind that the values of mass burned that were computed 
from flame-picture and pressure data may deviate to some 
degree from corresponding fractions of the mass which 
actually burned. As indicated earlier in the paper, the 
major source of these errors probably lies in the measured 
values of the inflamed fractions of the volume. On this 
account it appears that only those observations that can be 
made on two or more sets of pictures are to be considered 
t all significant. 

With these facts in mind, it appears that the observations 
made on Figs. 1 to inclusive, 


5; may be summarized 


follows: 

(1) During the initial stages the increments of mass 
actually burned are approximately equal to the correspond- 
ing increments which are required by the thermodynamic 
charts to account for the observed pressures. 

2) At the end of the inflammation of the first half of 
the weight of the charge, the thermodynamic analysis fails 
to account for approximately 30% of the heat energy that 
is liberated. 

(3) The major portion of the energy that is not ac- 
counted for in each explosion disappears in time intervals 
equivalent to from 2 to 7 crankshaft deg. 

(4) During each one of these intervals, the flame pic- 
tures show a rapid increase in the intensity of the afterglow 
radiation as well as the occurrence of combustion of gaso- 
line and air adjacent to the side walls of the combustion 
space. The significance of these two observations is quite 
uncertain because of the nature of events occurring during 
the combustion of the last part of the charge. 

(5) During the inflammation of the last half of the 
weight of the charge, the thermodynamic charts account 
for practically all of the energy that is liberated. In the 
latter period, the pressures and average temperatures of the 
working fluid reach their maximum values; in addition, 
the luminosity of the flames, in the photographic spectral 
region at least, attains its maximum intensity. On the basis 
of these considerations, the data in Figs. 1 to 5, inclusive, 
suggest that the energy losses resulting from radiation or 
from gas leakage may be quite small. 

(6) All five explosions were recorded while using a 
piston fitted with three compression rings and one oil ring. 
At the conclusion of the runs, both the rings and cylinder 
bore appeared to be in excellent shape. For this reason, it 
is not believed that the apparent energy losses are due 
entirely to gas leakage past the piston. 

(7) In two of the five explosions, the thermodynamic 
charts require the addition of energy to the working fluid 
to account for pressure changes that occurred after inflam 
mation was complete. This observation suggests the possi- 
bility that equilibrium may not have been established 
throughout the working fluid at the end of the inflamma- 
tion period. 

Apparent Rate of Energy Loss Compared with the Mass 
Rate of Reaction vr with the Progress of Combustion — In 
comparing the pressures developed in the actual explosion 
with those to be expected from the thermodynamic charts, 
cognizance must also be taken of the turbulent conditions 
set up in the mixture by the combustion process itself as 
well as of the heat losses to the walls. These two phenom- 








ena are generally found to be closely interrelated. This is 
indicated, for example, by the fact that an increase in the 
degree of turbulence of a gaseous mixture contained in a 
closed vessel accelerates the rate of establishment of tem- 
perature equilibrium between the gases and the container 
walls. In the engine the combustion process itself sets up 
a certain degree of turbulence —the so-called “flame- 
turbulence” according to the terminology adopted by 
Rabezzana, Kalmar, and Candelise'* —and this is closely 
related to the mass rate of combustion of the charge. To 
show how the mass rate of reaction, the apparent rate of 
energy loss during the reaction and the progress of com- 
bustion are related to each other, the curves in Figs. 8 to 
12, inclusive, have been prepared. 

On each of Figs. 8 to 12 which refer to Figs. 1 to 5, 
respectively, the upper pair of curves compare, at different 
crank angles, the actual rate of combustion which was 
determined from flame-picture and pressure data with the 
required rate of combustion which was deduced from the 
thermodynamic charts. The central curves represent the 
apparent rates of energy loss, while the lower curves show 
the progress of combustion. The latter is expressed in two 
different ways; namely, in terms of total per cent mass 
burned and in terms per cent pressure rise due to 
combustion. The apparent rate of energy loss is given in 
terms of per cent per crankshaft degree of energy liberated 
by the combustion of the entire charge that is not ac 
counted for by the thermodynamic analysis. Since the 
respective sets of curves resemble each other quite closely, 
they will not be discussed separately. 


of 


In general, the curves in Figs. 8 to 12, inclusive, relate 
to each other in the following manner: 

(1) The maximum rate of combustion appears at the 
same crank angle as the maximum in the curve showing 
the apparent rate of energy loss. Thus, these curves sug 
gest that part of the high energy losses shown by the 
thermodynamic charts may result from the creation of the 
flame turbulence and that part may be connected with the 





17 See Automotive Industries, Nov. 































































































15, 1939, and Dec. 15, 1939: 
“Gasoline Engine Combustion,” by Hector Rabezzana, Stephen Kalmar, 
and Alfred Candelise. 
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= Fig. 7—Relationship between the observed pressure-time card 
and the curve showing pressure rise due to combustion under condi- 
tions of constant total volume 
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apparent rate of energy loss, and the progress of combustion in the 
explosion reproduced in Fig. | 


efiects of the fame turbulence on the rate of heat transter 
to the combustion-chamber walls. 

(2) The apparent rate of energy loss reaches a maxi 
mum in the interval in which discrepancies appear between 
the values of per cent mass burned and the per cent pres 
sure rise due to combustion. This observation may even 
be made in Fig. rr which presents data from the explosion 
in Fig. 4 and which shows excellent agreement between 
the respective curves representing the per cent mass burned 
and the pei cent pressure rise due to combustion. 

(3) The rates of combustion obtained from the flame 
pictures are approximately equal to the corresponding 
rates of combustion required by the thermodynamic charts 
during the combustion of the first 5 to 10%, as well as of 


the last 50% of the mass of charge to burn. 


uw General Discussion 


Since the thermodynamic charts indicate that appreciable 
gains are to be had by the reduction of heat losses during 
combustion, even when the engine is not knocking, an 
effort is being made to obtain information about the causes 
of the apparent energy losses. In this effort, the analysis ot 
the flame-picture and pressure data promises to be an in 
valuable adjunct to the thermodynamic analysis. These 
two methods of approach yield the differential increments 
of mass shown to be burned by the flame pictures and 
unaccounted for by the thermodynamic charts. 
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The most important fact brought out in this part of the 
work is that the major portion of the energy unaccounted 
fer in each explosion disappears in comparatively short 
time intervals soon after top dead-center. In this connec- 
tion, the question might be raised as to how the apparent 
rates of energy loss are affected by excluding the flame 
front regions from the measurements of the inflamed 
volumes (See Fig. 6). The effects of such a procedure 
upon the apparent rate of energy loss as well as on the 
mass rate of combustion are shown in Fig. 13 which repro 
duces data from the explosion in Fig. 2. Fig. 13 shows 
that, regardless of the procedure used in determining the 
inflamed fraction of the volume, the major portions of the 
apparent energy losses occur in the early phases of the 
explosion process. 

The fact that the maximum apparent rate of energy loss 
coincides in time with the maximum mass rate of combus 
tion may be highly significant because part of the heat of 
combustion must be converted 


into kinetic energy of 


motion of the several elements of the charge which are 









responsible for the flame turbulence. This includes the 
se NACA Technical Report N 682, 1940: “Flame Speeds and 
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m Fig. 9-—The relationship between the mass rate of combustion, 
the apparent rate of energy loss, and the progress of combustion in 
the explosion reproduced in Fig. 2 


mass movements of the charge involved in compressing the 
unburned and burned portions as well as the expansion 
processes occurring at the flame front. The amount ot 
energy required for producing these movements in the 
charge depends upon the characteristics of the flow proc 
esses produced during inflammation. Since comparatively 
little is known about the nature of the gaseous movements 
in engine explosions, no attempt has been made to estimate 
the fraction of the combustion heat that is consumed in 
creating the flame turbulence. 

The coincidence between the maximum apparent rate 
of energy loss and the maximum rate of combustion also 
may be interpreted to mean that the flame turbulence ac 
celerates the rate of to the combustion 
chamber walls by convection and conduction processes. 
If this deduction is correct, it would then be desirable in 
constructing a combustion chamber to arrange the volume 
in a manner such that the first 50% of the weight of 
charge is burned before the flame fronts contact the walls. 
But data indicating that the differences between the ob 
served and theoretical pressures do not always result from 


energy transfer 


heat losses by convection and conduction processes have 


recently been published by Fiock and co-workers'*. Since 
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m Fig. 10—Relationship between the mass rate of combustion, the 
apparent rate of energy loss, and the progress of combustion in the 
explosion reproduced in Fig. 3 
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these experiments may have an important bearing on the 
present problem, they will now be compared with the 
observations obtained in the engine. 

From very careful measurements of flame movements 
and pressures which were recorded simultaneously during 
benzene and iso-octane explosions initiated in the center 
of a spherical bomb, Fiock and co-workers found that the 
observed pressures were too low to account for the heat 
of combustion of the inflamed fraction of the charge. In 
this respect, the engine and bomb data are in agreement. 
But, the bomb data differ from the engine data in that the 
differences between the actual and theoretical pressures 
increased gradually throughout the early phases of the 
bomb explosions. During this period, the flame surfaces 
were at considerable distances from the walls of the bomb; 
thus, the differences between the theoretical and observed 
pressures are not to be attributed to heat losses by conduc- 
tion and convection. 

According to Fiock and co-workers, their bomb data 
indicate that equilibrium is not established in the narrow 
flame zone, or that the inflamed gases continue to release 
energy for some time after the flame front has passed 
through them. This explanation also may be applied to 
the present engine data; that is, combustion may be in 
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m Fig. |! —Relationship between the mass rate of combustion, the 
apparent rate of energy loss, and the progress of combustion in the 
explosion reproduced in Fig. 4 
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m Fig. 12—Relationship between the mass rate of combustion, the 
apparent rate of energy loss, and the progress of combustion in the 
explosion reproduced in Fig. 5 


complete in the flame fronts during the interval in which 
the large energy losses occur. But, if this explanation is 
correct, there then remains the question as to why the 
energy losses are comparatively small during the combus 
tion of the first 10% of the weight of the charge. 

If the sudden apparent energy disappearance in the 
engine explosion is due to the storage of heat in the prod 
ucts of combustion, then it would appear that the CO, 
and H.O molecules dissociate to a greater degree than is 
required by the equilibrium constants used in developing 
the thermodynamic charts. This possible explanation is 
consistent with the fact that the emission spectrum of the 
afterglow radiation is identical with that of a carbon 
monoxide flame in moist air as well as with the observa 
tion that the afterglow radiation increases sharply during 
the period in which the apparent rate of energy loss passes 
through its maximum. 

From the preceding discussion, it is obvious that the 
present information permits no definite conclusions to be 
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m Fig. 13 — Effect of the method of measuring the inflamed fraction 
of the volume on the relationship between the apparent rate of 
energy loss and the mass rate of combustion 


drawn about the mechanism of the energy losses shown by 
the analysis of the data in this paper. The data do, how- 
ever, indicate that it may be possible to increase the effec- 
tiveness of the combustion process in an engine operating 
under non-knocking conditions. The chief hindrance to 
these advances is ignorance about the phenomena occurring 
during combustion, and this condition can only be changed 
by carrying out better-chosen and better-executed investi- 
gations than have been carried out in the past. 


mw Acknowledgments 


The writers take this opportunity to express their appre- 
ciation to Prot. H. C. Hottel of the Massachusetts Institute 
of Technology for supplying the thermodynamic charts; to 
Dr. G. M. Rassweiler for valuable assistance rendered in 
recording the data; and to T. A. Boyd and C. F. Kettering 
for continued interest in the work. 


APPENDIX | 


Experimental Measurement of the Concentration of 
Unscavenged Gas— The sampling procedure which was 
described previously’ has been modified in the following 
way in an effort to improve the accuracy of the experi 
mental measurement of the concentration of unscavenged 
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gas: The quartz window was replaced with a steel plate 
which provided eight different openings for the Cox elec- 
trical sampling valve. These openings were distributed 
uniformly over the top surface of the combustion space. 
Also, the tapped hole over the intake valve which normally 
carried the balanced-diaphragm indicator, provided an 
additional position for sampling. The ignition system was 
fitted with an auxiliary breaker which opened the ignition 
circuit during one explosion in six. During this period the 
electrical circuit which controlled the operation of the 
sampling valve was closed. Thus, samples were removed 
from every sixth unburned charge which entered the 
engine. This procedure has two advantages over that 
previously employed’: 

(1) It is possible to remove samples at different times 
after top dead-center as well as before top dead-center. 

(2) It is not necessary for the sampling valve to close as 
quickly as when samples are taken from the charge just 
prior to ignition. 

As these experiments progressed, it soon was observed 
that, prior to top dead-center, the unburned charge was 
stratified to a considerable degree. In order to avoid errors 
due to this effect, it was necessary to remove the samples 
at later and later angles of revolution. When samples were 
taken at 60 deg or later after top dead-center, approxi- 
mately the same values were obtained for the concentrations 
of the unscavenged gas at each of the sampling positions. 
The average of the residual gas concentrations found at the 
nine different sampling points was approximately 10% by 
weight for the engine conditions maintained while record 
ing the explosions described herein. 


APPENDIX II 


A partial set of computations for determining the Mass 
Burned increments by means of the Energy Balance and 
Volume Balance chart procedures for the explosion pic 
tured in Fig. 1. 


Preliminary Computations 
Pre ee eh eke tte heck ....1s0-octane 
Heat of Combustion of Iso-octane...19,270 Btu per lb 
Air-Fuel Ratio 
Fuel Consumption me ..6.85 & 107° lb per aver- 
age explosion 
Unscavenged Gas. 10% by weight 
Combustion-Chamber Volume at 


Time of Ignition... 8.19 ecu in. 


l 
1+- lb 
( i Air-Fuel Ratio ) 


Volume occupied by Base Quantity of Charge 


Base Quantity of Charge. 


Base Quantity of Charge a 1 

—— —— — Ignition Volume > 
Weight of Charge in Each in cu in. 1728 
Explosion 


the volume in cu ft 


1.0667 ] 
——— -  S.Le > 
1+ 15 ; 1728 
— < §.85 x 10° 
0.90 


= 4.14 cu ft 


Heat of Combustion of Base Quantity of Charge 
Total Heat of Combustion 
(fuel alone at 0.0667 * 19,270 * 0.90 = 1157 Btu 














Table 3 - Thermodynamic Properties of the Unburned and Total Charge for Explosion Illustrated in Fig. 1 


l 2 3 4 5 6 j 
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S 9 10 il 12 13 14 15 16 
‘ Piston 
Volume of Work 
Observed Combustion- Base Properties of Unburned Charge Avg. Properties in Each Step 144 
Pressure, Chamber Quantity of —— -— ~~ —~—— ——————+~- (PAV) 
Frame Step Ib/sq in. Volume Charge, V,, Es, E’, , if. Bs H, Pressure, S, AV, 778— Es, 
No. No. Absolute cu in. cu ft Btu Btu cu ft Btu Btu Btu Ib/sq in. abs. Btu/F cu ft Btu Btu 
(S = 0.167 Btu/F. abs., FE. = 1157 Btu) 
3 118 8.19 4.14 173 1330 4.14 265 ' 1330 
$ A> soca neaeraaaaemamn : _ — 271 1428 125 0.601 +0.10 4 
i 131 7.84 3.96 182 1339 3.85 276 — - - - 1334 
2 ———___—_— —— . 280) 1437 13 0.597 0 0 
s 142 4.83 3.96 187 1344 3.67 283 1334 
7 - — 289 = 1446 150 0.591 0.01 0 
9 158 7.85 3.97 197 1354 3.29 295 1334 
4 300 1457 170 0.585 0.02 | 
10 18] 7.88 3.99 204 1361 3.00 305 1333 
a 314 1471 197 0.577 0.04 | 
1] 212 7.97 4.03 217 1374 2.64 322 1332 
6 30 1487 232 0 568 0.06 3 
12 251 &_O8 4.09 230 1387 2.at 338 1329 
ij - —— 345 1502 269 0 559 0 O08 4 
13 286 8.25 4.17 241 (1398 =. 2.18 52 1325 
Ss 356 1513 206 0.555 0.10 5) 
14 305 8.45 4.27 245 1402 2.05 361 1320 
9 563 20 310 0.55 0.09 
7 314 8.64 4 36 248 1405 =. 2.01 365 13] 
10 : 566 1523 315 0.552 0 30 IS 
17 316 9 2] 4.66 249 1406 2 00 366 297 
; : 62 1519 308 0.552 0). 52 () 
20 300 10.23 5.18 943 1400 2 07 58 1267 
12 554 151] IRF; 0.557 0.66 5 
23 27 11.55 5.84 238 1395 2.19 348 1232 
336 1493 243 0.566 1.33 60 
28 215 14.16 $14 218 1375 2.61 323 1172 
Determination of Mass Burned Increments by Energy “Volume Balance” Method 
Balance and Volume Balance Procedure for Explosion Vi" AC, + Vi AC, + (1 — AC, — AC2) V2 = Ver 
; ne . = - - - ° 0.128 + 12.7A¢ t ( Ol AC>) 3.64 3.96 
Illustrated in Fig. 1. (See Table 3 for values of EF’, V’, F;, AC, = 0.02 
V;, and S.) 
Step 1 Step 12 
oe the Burned Charge at the End of Step | Properties of the Burned Charge at the End of Step 12 
l 2 3 4 5 6 7 s ‘ 9 , = “a 
P 7 : : | é o 4 a 18) ‘ s 
Fractional Fractional a oe 
Mass Burned Mass Burned soar — 
’ ° Mass Burned Mass Burned 
AC AC ; : 
up “uy ' AC AC 
Energy Volume », “Energy “Volume S 
re- Balance”’ z’. E” AC alance” . ae 2 eile si ” rveenes : ree ay 
na = Btu oo - sched : ft oy _ te Incre- Balance E", E” AC, Balance J V"AC, Btu/Fk 
ae i ee ‘ ae ment Method Btu Btu Method cuft  cuft absolut 
l AC; 1115) 1115AC; AC; 13.8 13.8AC, 0.601 
Fractional Mass Burned During Increment 1 | 0.02 1342 26.8 0.01 7.23 0) .072 0.601 
“Energy Balance’ Method 9 0.03 1329 39 7 0.02 7.15 0.143 0.597 
EL” AC, + (i — AC;) E,’ E; (4) a x ia ‘ +. eae aa 
HISAC, -( — acy) 1339 — 1334 3 0.05 1296 64.8 0.05 7.10 0.355 0.591 
AC, 0.02 4 0.05 1267 63.4 0.06 7.00 0). 420 0). 585 
“Volume Balance’ Method 5 0.09 1235 111.2 0.09 6.95 0.626 0.577 
Vy" AC, t+(-AC) VY =Va (7) 6 0.12 1198 143.8 (0.09 6.90 0 621 0. 568 
‘ ol - AC,) 3.85 = 3.96 x ss: 
13.84C; + (1 — AC) ny : - 7 0.11 1163 127.9 0.13 6.70 0.871 0.559 
& 0.09 1145 103.1 0.09 6.70 0). 603 0.555 
Step 2 g 0.05 1137 56.9 0.04 6.70 (). 268 0.553 
Properties of the Burned Charge at the End of Step 2 10 0.085 1135 96.5 0.08 6.70 0.536 0.552 
] 2 3 4 5 6 7 g 1] 0.07 1135 79.5 0.08 6.70 0.536 0.552 
Fractional Fractional 12 ACs 1153 1153AC, AC; 6.75 6.75ACi. 0.557 
Mass Burned Mass Burned EOE Sore 7 ge EO ae 
AC AC D,2E’AC = 913.6 + 11538ACir > !?V" AC 5.051 + 6.75AC, 
“Energy “Volume S, 
pone —— oa how , — "4 , tt ¥ . , 38 a Fractional Mass Burned During Increment 12. 
— . . onus ” = —— “Energy Balance’ Method 
SR" AC 4 S12A0) F’ Bi 
l 0.02 1142 23 0.01 12.8 0.128 0.601 nied E AC rl Wari AC) Bi | Buz jane 6990 
‘ Y or or Y ’ 9 - 9 7 ’ en 913 6 4+ L153.AC l T ( 0 DO AC ») 1395 Lads 
2 AC, 1123 1I2Z3AC, AC. 12.7 12.7AC, 0.597 A 0 04 
Fractional Mass Burned During Increment 2. 
“Energy Balance’ Method “Volume Balance” Method 
E,” AC; + #2” AC, + (1 — AC, — AC) Ey’ = Ex DPV"AC + (1 — L1"AC) V2 = Vie 
23 + 1123AC. + (1 — 0.02 — AC.) 1344 = 1334 5.05 + 6.75ACw + (1 0.74 AC) 2.19 5.84 
AC> 0.03 AC 0.05 
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Table 4- Comparison Between the Mass-Burned Increments From the Two Chart Methods and Those Obtained From 
Flame Picture Data For Explosion Pictured in Fig. 1 
J 2 3 4 5 6 7 8 9 10 1] 12 


Chart Values for Mass-Burned Increments 


Observed Combustion- “Energy 


“Volume Flame ~Energy Volume ~& Flame 
Crank Pressure, Chamber Balance” Balance” Picture Balance Balance Picture 
Angle, lb/sq in. Volume, Method, Method, Average, Increments, Increments, Increments, Increments, 

Step No. Frame No. deg absolute cu in. % q W/; % w/ w/, % 
3 —11.6 118 8.19 0 0 0 

] 2 | 2 2 
7 — 2.0 131 7.84 2 | 2 

ra 3 2 3 2 
S + 0.4 142 7.83 - 5 5 4 

3 5 5 5 3 
9 + 2.8 158 7.85 - - - 10 8 7 

4 5 6 6 12 
10 + 5.2 18! aa , :, 15 14 19 

) 9 9 Q 19 
1] + 7.6 212 7.97 4 23 31 

6 12 9 11 19 
12 10.0 95] 8 Of 36 32 50) 

7 1 13 12 ll 
13 12.4 286 8.25 47 45 61 

8 9 9 9 9 
14 +14.8 305 &.45 56 54 70 

4 5 4 5 sS 
17.2 314 & 64 - 61 5S 78 

10 s & N 6 
17 +- 22.0 316 9 21 69 66 &4 

1] 7 & s 10 
20 +29 2 300 10.23 . 76 74 94 

l2 4 5 5 5 
23 + 36.4 271 11.55 - . RO 79 99 

} 0 0 0 ] 
28 48 4 215 14.16 80 79 100 


Table 5 - Comparison Between the Mass-Burned Increments From the Two Chart Methods and Those Obtained From 
Flame Picture Data For Benzene Explosion Pictured in Fig. 2 
1 2 3 4 5 6 7 8 9 10 11 12 


Chart Values for Mass-Burned Increments 


Observed Combustion- “Energy “Volume Flame ~Energy Volume 2 Flame 
Crank Pressure, Chamber Balance” Balance” Picture Balance Balance Picture 
Angle, Ib/sq in. Volume, Method, Method, Average, Increments, Increments, Increments, Increments, 

Step No. Frame No deg abs. cu in. % % % % % % % 
3 11.6 108 8 60 0 0 0 

] 0 0 0 l 
6 4.4 116 8.28 0 0 l 

2 3 3 3 5 
7 2.0 125 8.25 3 3 6 

) 3 3 3 7 
8 + 0.4 140 8.24 6 6 13 

4 8 9 Q 12 
9 + 2.8 169 8.26 . 14 15 25 

5 1] 10 11 23 
10 + 5.2 209 8.29 —— - - 25 25 48 

6 14 14 14 17 
11 - 7.6 256 §.38 — 39 39 65 

7 15 15 15 16 
12 + 10.0 304 & 49 . a _ 54 54 8] 

8 12 11 12 s 
13 +12.4 340 8.66 —- ~ ——— 66 65 89 

i) 8 8 8 g 
14 +14.8 354 8.86 — —- —_—— — 74 73 97 

10 3 4 4 2 
16 +19.6 347 9.32 _ = — —__—_———_— id dé ve) 

ll 0 0 0 l 
17 22.0 335 9.62 - ——— a 77 77 100 
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DISCUSSION 





Contends Heat Loss 
Should Be 40% Higher 
—L. C. Lichty 


Yale University 


HE paper by Withrow and Cornelius is the first attempt to deter- 

mine the rate of heat transfer from the burning charge to the 
surrounding combustion-chamber walls of an internal-combustion 
engine. It is unique in that it combines the use of flame photographs, 
pressure-time records, and thermodynamic analysis. 

This discussion attempts to reconcile the authors’ heat-loss deter- 
minations with published data; also, to question the method of 
thermodynamic analysis; and finally to show that the total heat loss 
as determined by the summation of the heat losses for the various 
increments of the combustion process should be about 40% higher 
than determined. 

The authors state that the heat loss during their combustion process 

- “is about three times higher than the generally accepted value of 6% 
of the heat liberated by combustion.” My text states that the heat 
loss during the combustion process is about 7% of the heat of com- 
bustion, but unfortunately fails to indicate that this applies to auto- 
motive engines at maximum power output which occurs at a mean 
‘piston speed of about 2500 fpm. A heat loss of 20% is indicated for 
the General Motors Research engine when it was operated at a mean 
piston speed of 600 fpm. As the speed of any engine is reduced, this 
heat loss increases until at zero piston speed the heat loss during 
combustion is 100%. Plotting these data (Fig. A) indicates that the 
high heat loss obtained on the General Motors Research engine is duc 
to the low piston speed at which the experiments were made. The 
combustion process at a mean piston speed of 2500 fpm occurs in 
about one-fourth of the time required for the General Motors engine 
and should result in appreciably less heat loss. Thus, the published 
heat loss in my case is apparently not much out of line. 

The authors assume in their thermodynamic analysis that any el 
ment of the charge burned between any two elements of time (or 
frames) undergoes an adiabatic (no heat loss) constant-pressure com- 
bustion process at the mean pressure for the time interval. Thus, in 
Fig. B, point A on the compression chart indicates the condition of 
the first element before combustion, and A’ on the combustion chart 
at the same pressure indicates the condition of this element after 
adiabatic constant-pressure combustion. The burning of the other 
elements is assumed to compress the first element adiabatically from 





A’ to A’, and so on, resulting finally in a number of elements at 
the final pressure at conditions indicated by A’’, B’’, C’’, and so on 
The final pressure at the end of combustion is attained by this method 
without burning all the charge, that is, some is left at condition Z 
on the compression chart, the unburned being compressed the same 
as the burned elements. The heat of combustion of that part of the 
charge left at condition Z is assumed by the authors to be the heat 
loss of the actual process, and this assumption is questionable. 

The condition in the combustion chamber at the end of the hypo 
thetical process is shown in Fig. C. Now, assume that the unburned 
portion burns at constant pressure and that the heat of combustion is 
transferred out as heat loss leaving this portion at temperature Z. 
The mols of products of combustion are about 6% larger than the 
mols of mixture of octane and air. Thus, the volume of this last 
portion after combustion is larger, if at the same temperature and 
pressure as that of the mixture before combustion, and indicates a 
higher total pressure in the chamber. This is not a very appreciable 
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m Fig. A (Lichty discussion) — Relation between heat loss and mean 
piston speed 


error since the last unburned portion occupied a small part of the 
chamber. However, this error adds to the following one. 

Now assume heat transfer occurs from the burned parts at con 
ditions A’’, B’’, C’’, and so on, to the last part burned at temper 
ature Z until the conditions at the end of the actual combustion 
process are reproduced. The burned part at a comparatively low 
temperature (Z) has a much lower specific heat than the burned 
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m Fig. B (Lichty discussion) — Diagrams illustrating hypothetical and actual process 
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a Fig. C (Lichty discussion) - Conditions in combustion chamber 
at end of hypothetical process 


parts at the high temperature conditions A’’, B’’, C’’, and so on 
Hence, heat transfer from the high-temperature elements to the low 
temperature element will result in a greater relative temperatur< 
change of the low-temperature part and consequently a greater expan 
sion of the low-temperature element than the contraction of high 
temperature elements. This indicates that, with the same total energy 
and the usual energy distribution in the combustion chamber, the 
pressure would be higher than with the energy distribution at the 
end of the authors’ hypothetical process.* Thus, both the expansion 
of the last part when burned at constant pressure with the hypo 
thetical heat lost, and the net expansion afterward due to correct 
energy distribution indicate that the authors’ hypothetical heat loss 1s 
less than that required to bring the gases from the hypothetical to 
the actual condition. Neither this heat loss nor the one determined 
by the authors is the correct one since in both cases the actual path 
was not followed. The fundamental principle involved is that heat 
transfer depends on the actual process, and in this case a hypothetical 
process has been substituted. 

In all thermodynamic analysis the energy terms are divided into 
two classes: those that depend on the conditions (point functions) 
and those that depend on the path. My pet illustration is to imagine 
driving a car from New Haven directly to the top of Mt. Washington 
The potential energy is increased a definite amount and a certain 
amount of work was done by the engine in driving the car to its 
destination. Now, imagine driving the car from New Haven east- 
ward, ship it to Europe, drive it to China, ship it to the west coast 
and then drive it to the top of Mt. Washington. The net change in 
potential energy is the same in both cases, but obviously the work 
done by the engine is much more in the second case. Hence, work 
depends on the path while potential energy depends on the altitude 
change. Heat transfer can also be shown to depend on the path. It 
may be evaluated by the area beneath the actual path on the temper 
ature-entropy diagram if the process is frictionless. The authors have 
substituted a hypothetical path to arrive at the final pressure, to which 
I have added combustion of the last portion with their heat loss and 
their energy distribution and more heat loss to arrive at the final 
actual conditions. Obviously, this should not result in the same heat 
loss as the actual process, since heat transfer depends on the path 
followed 

The actual process undoubtedly has some heat loss during combus- 
tion which results in the first element going from A to A: (Fig. B). 
Heat loss during compression causes a further decrease in entropy 
along the path A: to A2, and so on. It is only by following these 
actual paths or approximating them that the heat transfer losses can 
be evaluated thermodynamically. 

The total heat loss during the combustion process can be evaluated 
by applying the energy equation to the entire process. At ignition 
(1 on Fig. D) there is contained in the charge a definite amount of 
internal energy, FE, and chemical energy, C (called E, by the authors). 
From 1 to top-center (T.C.) the piston does work on the gases, Win, 
indicated by the double cross-hatched area, and from T.C. to 2, the 
end of combustion, the gases do work, Wout, on the piston. At 
point 2, the pressure and volume indicate the internal energy and 
unliberated chemical energy, E2 Co, if the mixture is homogeneous, 
at the same temperature throughout, and in equilibrium. This value 
is nearly the same as that for the usual temperature distribution from 
the spark plug to the furthermost end of the combustion chamber. 

* This can be shown by assuming the combustion chamber is filled 
with products of which half the amount is at a low temperature and 
half at a high temperature. Assume each half is the quantity for 
which the combustion chart is constructed. The volumes and _ total 
energy values of each may be read from the chart. The sum of the 
volumes equals the combustion-chamber volume at the given pressure. 
Now assume heat transfer between the two parts until each part has 
one-half the total energy. The volume of each half at the given pres- 


sure will be found to be more than half the volume of the chamber, 
which indicates a higher chamber pressure after heat transfer 
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This leaves only one other term, Qout, the heat loss. Thus, the energy 
equation for the process is 


E, + Ci + Win = Ex + C2 + Wour t+ Qo - - + - I 


The values for E:, C1, Win and Wout are obtained from the authors’ 
paper for the combustion process pictured in their Fig. 1. The valu 
for E2 + Cz is 850 Btu at a pressure of 215 lb per sq in. and a base 
volume of 7.17 cu ft, the conditions at point 2. Substituting in 
Equation (1), 


173 + 1157 +4 = 850 + 162 + Qou: 


or Qou: = 322 Btu 
322 
= — X 100 = 28% 
1157 


This is 40 per cent higher than the heat loss as determined by the 
authors. Thus, it appears that both the increments of heat loss as 
well as the total amount can be questioned. This makes the conclu 
sion regarding the rate of heat transfer also questionable. 

The true energy equation should be substituted for the hypothetical 
one even for cach individual step in the process, thus eliminating the 
constant-pressure combustion and fictitious adiabatic processes, thus 
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a Fig. D (Lichty discussion) — Pressure-volume diagram for the com- 
bustion process 


determining the true heat loss directly by following the actual process. 
_ In the foregoing Qout is referred to as heat loss presumably trans- 
ferred out of the combustion chamber. It also includes energy due to 
deviations from equilibrium conditions and to non-uniform mixing of 
air and fuel vapor. 


Presents Comparative Data 
—C. Fayette Taylor 


Massachusetts Institute of Technology 


N connection with this paper by Messrs. Withrow and Cornelius it 
may be of interest to quote briefly some results in the field of this 

problem, obtained in the Sloan Automotive Laboratory at M.I.T. 
Fig. E shows the ratio of indicated mean effective pressure to 

“theoretical” mean effective pressure.for a large number of engine 


cycles taken from a CFR engine. “Theoretical” mep is here defined 
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m Fig. E (Taylor discussion) — Ratio of indicated mep to theoretical mep for a number of engine cycles with different fuel-air ratios, com- 
pression ratios, and inlet temperatures 





as the mep computed by means of the Hottel thermodynamic charts 
with the following assumptions: 

(a) Weight of fresh charge is the same as that measured for the 
corresponding engine cycle. 

(b) Fraction of residual gases is the same as that estimated for the 
actual cycle. 

(c) Combustion is instantaneous and equilibrium is maintained at 
all points on the expansion stroke. 

Fig. F shows a comparison of an actual indicator diagram with 
a theoretical indicator diagram constructed under the 
assumptions. 

It is very interesting to observe that the ratio of indicated mep to 
theoretical mep is of the same order of magnitude as the “effectiveness 
of combustion” measured by Messrs. Withrow and Cornelius. It is 
also interesting to observe the small variation of the ratio imep/tmep 
over the considerable range of fuel-air ratios, compression ratios, and 
inlet temperatures, which were the variables used in the series of runs 
shown in Figure E. 

The indicator diagram shown in Figure F is typical of all of the 
diagrams taken in this series of tests. Without going into a detailed 
analysis, it would appear that the “effectiveness of combustion” shown 
by this card is somewhat greater than that determined by Messrs. 
Withrow and Cornelius and that a large part of the losses in the 
actual cycle occur during that portion of the expansion stroke imme- 
diately after combustion. 
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s Fig. F (Taylor discussion) —Pressure-volume plots of actual and 
theoretical cycles for run No. 17 
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Higher Taxes and Lower Incomes - 
Effect on Car Design 


AX levels are on the increase! Net incomes probably 
What effect will these economic trends 


have on the automobile of the future? 


will be reduced. 


Results of investigations in this country and in Europe 
show that: 


1. The European manufacturer has solved a_ similar 


problem by building smaller cars than we have in the 
U.S.A. 

2. In both Europe and America the cars are continually 
getting bigger, better and more perfected. 

3. In no country do they appear to want stripped-down 
cars. 

4. In the U. S. A. the public does not want a car appre 
ciably smaller than they have at present. 

5. Everywhere they want more economical cars. 

6. Lower upkeep cost goes hand in hand with lower 
weight. 

This all sounds as if the American car manutacturer 1s 
going to be faced with a shrinking market because his 
product will automatically be thrown into a higher price 
level unless he can pull some black magic. The European 
way of achieving low first cost with a smaller car is not a 
practical way of meeting our situation because it subtracts 
more in the way of commercial appeal than is gained in 
cost saving. 

Our problem as I see it 
to believe can be solved 


one which I have every reason 
is that of keeping the car almost 
the same size as it is now —I am referring to body space - 
but reducing both the first cost and the upkeep cost by 
going to work aggressively at taking out some of the 
weight by mixing a little more brains and research with 
the iron. 

Excerpts from the paper: “The Effect of Increased Taxes 
and Lower Net Income on the Automobile of the Future,” 
by W. D. Appel, General Motors Corp., presented at the 
Metropolitan Section Meeting of the Society, New York, 
N. Y., Oct. 3, 1940. 
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